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Abstract
Synthesis and characterization of silver, molybdenum and tungsten metal organic
decomposition complexes is reported. Molybdenum and tungsten are of interest, in order
to expand 3D printing capabilities, by providing precursors capable of forming metal
structures with superior chemical and mechanical properties. In addition to using known
synthetic pathways using silver precursors, molybdenum hexacarbonyl, tungsten
hexacarbonyl were reacted with three ligands: ethylenediamine, diethylenetriamine, and
triethylamine to develop MOD complexes. The MOD products were characterized by
NMR, FTIR and thermogravimetric (TGA) analysis. Thermal decomposition mechanisms
were studied by TGA. Whereas the silver MOD complexes were found to decompose to
metallic silver at temperatures lower than 200°C in both inert and atmospheric conditions,
the molybdenum diethylenetriamine complex and the molybdenum triethylamine complex
decomposed to molybdenum metal, and only in inert conditions at temperatures well in
excess of 200°C. The other molybdenum complex, as well as all of the tungsten complexes
decomposed to their oxide forms at temperatures greater than 600°C in inert and
atmospheric conditions. Triethylamine-tungsten complex was found to sublime at
110°C. A hard-soft acid-base theoretical analysis indicates that, as opposed to the silver
complexes where electron density is more localized on the metal center, electron density is
withdrawn from the metal centers in the case of molybdenum and tungsten
complexes. Additional stability provided by carbonyl -backbonding for the carbonyl
ligands prevented low temperature decomposition. As a result, this work shows that
molybdenum and tungsten hexacarbonyls are not suitable starting materials for creating
MOD complexes when one or more of the carbonyl groups remain on the complex. The
complexes may, however, be used for metal oxide deposition instead of metal deposition.

iii

Acknowledgements
Thank you to my advisor, Dr. Scott Williams for his patience and guidance in this project.
I’ve definitely had my ups and downs the past two years. Thank you for being patient with
me. I have learned so much from you.
I would like to thank my committee members, Dr. Tina Goudreau, Dr. Jeremy Cody, and
Dr. KSV Santhanam for their advice in the research and writing. I would also like to
acknowledge Dr. Goudreau for getting me started in research.
I would like to thank my pseudo-committee members, Jennifer Swartzenberg, Dr. DJ
Tusch, and Dr. Virginia Chang. Thank you all for reading my thesis drafts and letting me
practice with you. More importantly, you have kept me sane the last two years. Jenn, thank
you for pushing me to do research with Dr. Goudreau. I really do not think I would be
finishing up my masters if it wasn’t for you pushing me. DJ, thank you for being such a
great listener and advice giver during those times of self-doubt. Virginia, thank you for
letting me bounce ideas off you and figure out what my next steps are, especially during
the last few months.
My most sincere thanks to Karen Tobin for sparking my interest in chemistry as a freshman.
I most definitely would not be touching chemistry with a 20 foot pole otherwise.
Finally, thank you to my parents, Robin and Denise, and my siblings, Jenna and Finn for
your support and love.

iv

Table of Contents
Abstract .............................................................................................................................. iii
Acknowledgements ............................................................................................................ iv
Table of Contents ................................................................................................................ v
List of Figures .................................................................................................................. viii
List of Schemes ................................................................................................................... x
List of Tables ..................................................................................................................... xi
Chapter 1 – Literature Review ............................................................................................ 1
1.1. Printed Electronics ................................................................................................... 1
1.2. 3D Printing ............................................................................................................... 1
1.3. Metal 3D Printing .................................................................................................... 2
1.3.1. Challenges of Metal 3D Printing ...................................................................... 3
1.4. Metal Organic Decomposition ................................................................................. 5
1.5. MOD Inks ................................................................................................................ 7
1.5.1. Copper ............................................................................................................... 7
1.5.2. Copper-Nickel Alloy......................................................................................... 9
1.5.3. Aluminum ....................................................................................................... 10
Chapter 2 – Theoretical Review ....................................................................................... 12
2.1. Gibbs-Thomson Effect ........................................................................................... 12
2.2. Lewis Acid-Base Theory ....................................................................................... 14
2.3. Hard-Soft Acid-Base Theory ................................................................................. 15
2.3.1. HSAB Quantitative Measures ......................................................................... 17
2.4. Ligand Field Theory .............................................................................................. 19
2.5. Reduction Potentials .............................................................................................. 21
2.6. Ellingham Diagram ................................................................................................ 23
2.6.1. Aluminum and Tungsten Ellingham Diagram ................................................ 24
2.6.2. Tungsten and Molybdenum Ellingham Diagrams .......................................... 25
2.7. Molybdenum and Tungsten ................................................................................... 26
2.8. Characterization ..................................................................................................... 26
2.8.1. Melting Point Determination .......................................................................... 27
2.8.2. FTIR Spectral Analysis ................................................................................... 28
2.8.3. Raman Analysis .............................................................................................. 29
2.8.4. NMR Analysis ................................................................................................ 29
v

2.8.4.1. Evans Method .......................................................................................... 30
2.8.5. Thermogravimetric Analysis (TGA)............................................................... 30
Chapter 3 – Silver MOD ................................................................................................... 31
3.1. Literature Methods ................................................................................................. 31
3.2. Mechanisms ........................................................................................................... 32
3.3. Synthetic Methods ................................................................................................. 33
3.4. Silver MOD Complex Results and Discussion ...................................................... 36
3.4.1 Silver Oxalate................................................................................................... 36
3.4.2. Ethylenediamine-Silver Oxalate MOD Complex ........................................... 38
3.4.2.1. Ethylenediamine-Silver Oxalate MOD Complex Thermal Decomposition
Analysis................................................................................................................. 39
3.4.2.2. Ethylenediamine-Silver Oxalate MOD Complex Discussion.................. 40
3.4.3. Diethylenetriamine-Silver Oxalate MOD Complex ....................................... 41
3.4.3.2. Diethylenetriamine-Silver Oxalate MOD Complex Thermal
Decomposition Analysis ....................................................................................... 42
3.4.3.3. Diethylenetriamine-Silver Oxalate MOD Complex Discussion .............. 43
3.4.4. Triethylamine-Silver Oxalate MOD Complex................................................ 44
3.4.4.1. Triethylamine-Silver Oxalate MOD Complex Discussion ...................... 45
Chapter 4 – Molybdenum MOD ....................................................................................... 46
4.1. Literature Methods ................................................................................................. 46
4.2. Mechanisms ........................................................................................................... 48
4.3. Synthetic Methods ................................................................................................. 48
4.4. Results and Discussion .......................................................................................... 50
4.4.1. Ethylenediamine-Molybdenum MOD Complex............................................. 50
4.4.1.1. Ethylenediamine-Molybdenum MOD Complex Thermal Decomposition
Analysis................................................................................................................. 51
4.4.1.2. Ethylenediamine-Molybdenum MOD Complex Discussion ................... 53
4.4.2. Diethylenetriamine-Molybdenum MOD Complex ......................................... 54
4.4.2.1. Diethylenetriamine-Molybdenum MOD Complex Thermal
Decomposition Analysis ....................................................................................... 55
4.4.2.2. Diethylenetriamine-Molybdenum MOD Complex Discussion ............... 56
4.4.3. Triethylamine-Molybdenum MOD Complex ................................................. 57
4.4.3.1. Triethylamine-Molybdenum MOD Complex Thermal Decomposition
Analysis................................................................................................................. 58
4.4.3.2. Triethylamine-Molybdenum MOD Complex Discussion ....................... 59
4.5. Furnace Oven Carbonyl Analysis .......................................................................... 60
vi

Chapter 5 – Tungsten MOD .............................................................................................. 61
5.1. Literature Methods ................................................................................................. 61
5.2. Mechanisms ........................................................................................................... 63
5.3. Synthetic Methods ................................................................................................. 63
5.4. Results and Discussion .......................................................................................... 65
5.4.1. Ethylenediamine-Tungsten MOD Complex ................................................... 65
5.4.1.1. Ethylenediamine-Tungsten MOD Complex Thermal Decomposition
Analysis................................................................................................................. 67
5.4.1.2. Ethylenediamine-Tungsten MOD Complex Discussion.......................... 68
5.4.2. Diethylenetriamine-Tungsten MOD Complex ............................................... 69
5.4.2.1. Diethylenetriamine-Tungsten MOD Complex Thermal Decomposition
Analysis................................................................................................................. 70
5.4.2.2. Diethylenetriamine-Tungsten MOD Complex Discussion ...................... 71
5.4.3. Triethylamine-Tungsten MOD Complex ........................................................ 72
5.4.3.1. Triethylamine-Tungsten MOD Complex Thermal Decomposition
Analysis................................................................................................................. 73
5.4.4.2. Triethylamine-Tungsten MOD Complex Discussion .............................. 74
5.4.5. Furnace Oven Carbonyl Analysis ................................................................... 75
5.4.6. Raman Analysis .............................................................................................. 76
Chapter 6 – Correlation to Hard-Soft Acid-Base Theory ................................................. 78
6.1. Silver MOD Complex ............................................................................................ 78
6.1.1. Heated Reactions ............................................................................................ 80
6.2. Molybdenum MOD Complex ................................................................................ 82
6.2.1. Heated Reactions ............................................................................................ 84
6.3. Tungsten MOD Complex ....................................................................................... 86
6.3.1. Heated Reactions ............................................................................................ 88
Chapter 7 – Conclusion ..................................................................................................... 89
7.1. Silver MOD Complex ............................................................................................ 89
7.2. Molybdenum MOD Complex ................................................................................ 89
7.3. Tungsten MOD Complex ....................................................................................... 90
7.4. Future Work ........................................................................................................... 92
References ......................................................................................................................... 93
Appendix A – FTIR, 13C NMR, 1H NMR, and Raman Spectra ..................................... 102

vii

List of Figures
Figure 1. Orbital energy diagram of molybdenum, carbonyl, and Mo-CO adduct. Energy
(eV) is on the y axis. Literature values of I, A, χ, and η are used38,41,42. Mo-CO adduct has
arbitrary values.................................................................................................................. 18
Figure 2. Ligand field diagram for octahedral complexes. M is Mo or W. L is CO. ...... 20
Figure 3. Ellingham Diagram of metal oxides. Diagram borrowed from Arteta.44 ......... 23
Figure 4. Ellingham Diagram of aluminum and tungsten oxides. Diagram borrowed from
Manjunath.45...................................................................................................................... 24
Figure 5. Ellingham Diagrams. Figure 5a. Ellingham Diagram of various tungsten oxides.
Figure 5b. Ellingham Diagram of various molybdenum oxides. Diagrams borrowed from
Worrell.46 .......................................................................................................................... 25
Figure 6. Isomers of diethylenetriamine-silver oxalate. .................................................. 35
Figure 7. TGA of ethylenediamine-silver complex. The blue line is the % Weight. The
orange line is the Derivative Weight Change (%/°C). ...................................................... 39
Figure 8. TGA of diethylenetriamine-silver complex. The blue line is the % Weight. The
orange line is the Derivative Weight Change (%/°C). ...................................................... 42
Figure 9. TGA of ethylenediamine-molybdenum complex. The blue line is % Weight. The
orange line is the Derivative Weight Change (%/°C). ...................................................... 52
Figure 10. TGA of diethylenetriamine-molybdenum complex. The blue line is % Weight.
The orange line is the Derivative Weight Change (%/°C). ............................................... 55
Figure 11. TGA of triethylamine-molybdenum complex. The blue line is % Weight. The
orange line is the Derivative Weight Change (%/°C). ...................................................... 58
Figure 12. TGA of ethylenediamine-tungsten complex. The blue line is the % Weight. The
orange line is the Derivative Weight Change (%/°C). ...................................................... 67
Figure 13. TGA of diethylenetriamine-tungsten complex. The blue line is the % Weight.
The orange line is the Derivative Weight Change (%/°C). ............................................... 70
Figure 14. TGA of triethylamine-tungsten complex. The blue line is the % Weight. The
orange line is the Derivative Weight Change (%/°C). ...................................................... 73

viii

Figure 15. Orbital energy diagram of silver ion, diethylenetriamine, ethylenediamine, and
triethylamine. Energy (eV) is increasing on the y axis. Values taken from Pearson38,
Maqsood41, and Saha.42 ..................................................................................................... 79
Figure 16. Orbital energy diagram of silver ion, ethylenediamine, and silverethylenediamine adduct. Adduct values are arbitrary. Energy (eV) is increasing on the y
axis. ................................................................................................................................... 80
Figure 17. Orbital energy diagram of carbonyl, molybdenum, diethylenetriamine,
ethylenediamine, and triethylamine. Energy (eV) is increasing on the y axis. Values taken
from Pearson38, Maqsood41, and Saha.42........................................................................... 82
Figure 18. Orbital energy diagram of molybdenum, carbonyl, and molybdenum-carbonyl
adduct. Adduct values are arbitrary. Energy (eV) is increasing on the y axis. ................. 83
Figure 19. Orbital energy diagram of molybdenum, ethylenediamine, and molybdenumethylenediamine adduct. Adduct values are arbitrary. Energy (eV) is increasing on the y
axis. ................................................................................................................................... 84
Figure 20. Orbital energy diagram of carbonyl, tungsten, diethylenetriamine,
ethylenediamine, and triethylamine. Energy (eV) is increasing on the y axis. Values taken
from Pearson38, Maqsood41, and Saha.42........................................................................... 86
Figure 21. Orbital energy diagram of tungsten, carbonyl, and tungsten-carbonyl adduct.
Adduct values are arbitrary. Energy (eV) is increasing on the y axis............................... 87
Figure 22. Orbital energy diagram of tungsten, ethylenediamine, and tungstenethylenediamine adduct. Adduct values are arbitrary. Energy (eV) is increasing on the y
axis. ................................................................................................................................... 88

ix

List of Schemes
Scheme 1. Redox Reaction. a) Oxidation half reaction of a metal. b) Reduction half
reaction. c) Two half reactions to give the same product as a and b. ................................. 5
Scheme 2. Lead oxide redox reaction................................................................................. 6
Scheme 3. A) Decomposition reactions of ammonia, b) formic acid (3b), and ammonia in
the presence of oxygen (3c). ............................................................................................... 6
Scheme 4. Generalized acid-base reaction. ...................................................................... 14
Scheme 5. A Lewis acid-base reaction between silver oxalate and ethylenediamine. ..... 14
Scheme 6. Silver oxalate thermal decomposition pathway. ............................................. 32
Scheme 7. Formation of silver oxalate from silver acetate and oxalic acid. .................... 32
Scheme 8. Reaction of silver oxalate with ethylenediamine (a), diethylenetriamine (b), and
triethylamine (c). ............................................................................................................... 33
Scheme 9. Decomposition pathway of ethylenediamine-silver oxalate. .......................... 40
Scheme 10. Decomposition pathway of diethylenetriamine-silver oxalate. .................... 43
Scheme 11. Reactions of molybdenum hexacarbonyl with ethylenediamine (a),
diethylenetriamine(b), and triethylamine(c). .................................................................... 48
Scheme 12. Ethylenediamine-molybdenumtetracarbonyl decomposition pathway. ........ 52
Scheme 13. Diethylenetriamine-molybdenumtricarbonyl decomposition pathways. ...... 56
Scheme 14. Triethylamine-molybdenumpentacarbonyl decomposition pathway............ 59
Scheme

15.

Reactions

of

tungsten

hexacarbonyl

with

ethylenediamine

(a),

diethylenetriamine(b), and triethylamine(c). .................................................................... 63
Scheme 16. Ethyenediamine-tungstentetracarbonyl decomposition pathway. ................ 68
Scheme 17. Diethylenetriamine-tungstentricarbonyl decomposition pathway. ............... 71
Scheme 18. Formation of W-O-W complex..................................................................... 77

x

List of Tables
Table 1. List of Lewis bases and acids used for this work. .............................................. 14
Table 2. List of hard, borderline, and soft bases used in this work. ................................. 15
Table 3. List of soft acids (class b acids) used in this work. ............................................ 15
Table 4. List of σ donors and π acceptors used. ............................................................... 21
Table 5. Electron reduction potentials of various metals. ................................................ 21
Table 6. Oxidation potentials for various ligands and oxygen. ........................................ 22
Table 7. Bond types and the relative changes in frequency and peak position. ............... 28
Table 8. Physical data and comparison of oxalic acid and silver oxalate. ....................... 36
Table 9. Comparison of oxalic acid, silver oxalate, ethylenediamine, and the complex. 38
Table 10. Comparison of oxalic acid, silver oxalate, diethylenetriamine, and the complex.
........................................................................................................................................... 41
Table 11. Comparison of oxalic acid, silver oxalate, triethylamine, and the complex. ... 44
Table 12. Physical data and comparison of molybdenum hexacarbonyl and the complex.
........................................................................................................................................... 50
Table 13. 1H NMR and FTIR assignments of Mo(CO)6, dien, and Mo(CO)3(dien)........ 54
Table 14. 1H NMR and FTIR assignments of Mo(CO)6, NEt3, and Mo(CO)5(NEt3). ..... 57
Table 15. Physical data and comparison of W(CO)6, en, and W(CO)4(en). .................... 65
Table 16. Physical and spectral data of W(CO)6, dien, and W(CO)3(dien). .................... 69
Table 17. Physical and spectral data of W(CO)6, NET3, and W(CO)5(NEt3). ................. 72
Table 18. Raman spectra of the three tungsten complex films. ....................................... 76

xi

Chapter 1 – Literature Review
Three-dimensional (3D) printing is used to create a variety of objects out of different
materials ranging from silica to plastics to metals. However, metals are limited to softer
metals which have lower processing temperatures and lack the mechanical performance
requirements. To overcome this limitation, research into metal delivery in a precursor form
continues to expand on the number of accessible metals. Metal organic decomposition
(MOD) complexes are precursor metal solutions used to deposit metals in 2D and 3D forms
using a reduction chemistry pathway. Most MOD complex efforts focus on Group 10 and
11 transition metals, such as copper, nickel, and silver, due to their low reduction potentials
and relevance to electronic applications. The mechanically robust metals have not yet
found a place in electronic applications.

1.1. Printed Electronics
Printed electronics are an emerging class of materials. Those materials have a variety of
applications

including

photovoltaics1-4,

transistors1,4,5,

displays1-3,5,

batteries1,5,

antennas1,4,6, and sensors.1,2,7 Printed electronics are a part of a larger area of investigation
known as functional printing. An area of functional printing is 3D printing.

1.2. 3D Printing
3D printing provides a low cost and low waste production of structures.8 3D printing is
considered an additive manufacturing technique where materials are laid down layer by
layer9 to rapidly create structures. 3D printing has been applied to create objects out of a
variety of materials8 such as paper, food, plastics, functional inks, glasses, metals, wood,
ceramics, and living cells. The structures are created with a computer-aided design9 (CAD)
1

system which prints out the structures within hours. Functional printing uses inks that have
functional purposes.10 Modern functional inks are composed of pigments, binders,
additives, and solvents. Since 3D printing can be used with materials such as functional
inks, metal inks can be created. The use of metal ink to create 2D and 3D forms can produce
materials such as sensors and transistors. MOD precursors can be manufactured for
functional printing.

1.3. Metal 3D Printing
There are three main applications where metals can be used for 3D printing. Those
applications11 are powder bed fusion, direct energy deposition, and metal binder jetting.
Powder bed fusion12 (PBF) methods use a laser beam or an electron beam to melt and fuse
metal powder together. Electron beam melting methods require a vacuum. Metals and
metal alloys can be used to create functional parts. PBF works by spreading a layer of metal
powder then using an electron beam to fuse the first layer, then another layer of powder is
laid across the first layer and then fused again. This process is repeated until the structure
is made. Powder-based materials are required for this process and include materials such
as stainless steel, titanium, aluminum, copper, and some polymers.12
Direct energy deposition13 (DED) works by melting and fusing the material by a laser as it
is deposited. The way DED works is by pushing metal powders or a metal wire through a
nozzle and melted by a heat source and printed onto a build platform. DED13 is usually
done under an inert atmosphere to prevent material degradation. DED uses metals13 such
as titanium alloys, stainless steel, aluminum alloys, and copper nickel alloys. Since DED13
only fuses the deposited metal powders, there is less material waste. Different metal

2

powders13 or wires can be mixed to create alloys to create a structure with superior material
properties.
Metal binder jetting14 works by spreading a thin layer of metal powder then the print
nozzles print a binder into the powder. Then another layer of metal powder is laid over the
top of the layer and the same process repeats. There is a process14 to strengthen the printed
material and the process includes curing, sintering, infiltration, and/or finishing. This
method14 does not require melting the metal powder like the DED process. Metal binder
jetting14 also reuses the metal powder laid down for future processes, reducing the amount
of waste.

1.3.1. Challenges of Metal 3D Printing
Challenges11 that arise with 3D metal printing are low porosity, low density, residual stress,
cracking and warping, and post-processing surface roughness.
Porosity11 occurs during the printing process as small holes are formed within the part. The
more porous the printed material, the less dense the material becomes. Having high
porosity also affects11 the mechanical properties of the printed material such as mechanical
strength. There are a few ways to reduce the porosity of the printed material. One way11 is
to fine tune the printing parameters. Another way11 is to infiltrate the material with the
powder after printing to fill in the voids.
Density is also affected by porosity.11 By having low density, either through high porosity
or the material itself, the material is more likely to fail during stress conditions. 11 To
improve11 the density of the printed material, particle size, shape, and distribution can be
changed to optimize the printed material.
3

When a material is subjected to rapid heating and cooling processes it results in residual
stress.11 The rapid heating and cooling process has a high impact on the part leading to
deformation of the printed material. Reducing the residual stress leads to an improvement
on the printed material. One way of reducing residual stress is by heating the print bed
where the material will be printed.11 A print bed is where the printing process occurs. By
heating the print bed, this reduces the chance that the material will undergo rapid heating
and cooling processes.
Rapidly heating followed by cooling the material can lead to cracking and warping.11
Warping of the material occurs after printing when the material cools down. Cooling causes
contraction which leads the part to deform or warp. Cracking of the material occurs when
the powder metal was not properly melted. A way to prevent cracking and warping is to
preheat the print bed which prevents residual stress.11 Another way to prevent cracking and
cooling is to heat the material after printing to melt the powders that may not have melted
during the printing process.
Post processing and surface roughness is another challenge.11 After printing the material,
some form of post processing is necessary to finish the material. Normally, during post
processing the remaining powder is removed and support structures are removed.
Sometimes removal of the support structure may cause damage to the printed material.
Printed materials already have some surface roughness but there may be some additional
grinding or polishing to reduce the surface roughness. To reduce the surface roughness of
the printed material, printing thinner layers is an option.11 Another way to reduce the
surface roughness is by ensuring the metal powder melts completely and this may occur by
increasing the energy to melt the metal powder.
4

A possible route to avoid the challenges of 3D printing metals is by undergoing a metal
organic decomposition process. MOD complexes have capabilities to heat the compound
at some decomposition temperature to leave behind metal and the evolution of organic
decomposition products. MOD complexes with various metals have been synthesized
previously and will be described in a later section. The MOD complexes were used for
printing.

1.4. Metal Organic Decomposition
The metal organic decomposition process is an oxidation-reduction (redox) process.
Scheme 1 is showing general redox reaction15 where R is a ligand and M is a metal. Redox
reactions are where electrons are being transferred between reactants and the result is the
change of the oxidation state of the reactants. Oxidation15 of a molecule is the loss of
electrons by a molecule and reduction15 of a molecule is the gain of electrons by a molecule.
There are two ways of obtaining the metal product. One way is to have a compound be the
oxidizing agent and another compound be the reducing agent to afford the oxidizing agent
with an oxidation state of zero and the reducing agent with no charge. The second way is
to have a compound that has both oxidizing and reducing capabilities and give the same
products.
Rn-  R + ne-

(a)

Mn+ + ne-  M0

(b)

Mn+ + Rn-  M0 + R
(c)
n+ n0
M R M +R
Scheme 1. Redox Reaction. a) Oxidation half reaction of a metal. b) Reduction half
reaction. c) Two half reactions to give the same product as a and b.

5

An example of a redox reaction is lead oxide being reduced to lead metal (Scheme 2). In
this reaction, lead oxide is the oxidizing agent and the ammonia is the reducing agent to
give the products of nitrogen gas, water and lead metal.
3PbO(s) + 2NH3(g)  N2(g) + 3H2O(l) + 3Pb(s)
Scheme 2. Lead oxide redox reaction.
The oxidation state of lead in lead oxide is +2 and the oxidation state of nitrogen in
ammonia is -3. After the redox reaction, nitrogen gas, which is the oxidized product of
ammonia, has an oxidation state of 0. Lead metal, after reduction from lead oxide, has an
oxidation state of 0.
Three decomposition reactions with ammonia (Scheme 3a), formic acid (Scheme 3b), and
ammonia in the presence of oxygen (Scheme 3c) are shown.
(a)
2NH3  N20 + 3H20
(b)
CH2O2  2CO + H20
0
(c)
4NH3 + 3O2  2N2 + 6H2O
Scheme 3. A) Decomposition reactions of ammonia, b) formic acid (3b), and ammonia in
the presence of oxygen (3c).
When ammonia is heated, nitrogen is reduced from +3 to 0 with the gain of six electrons
and hydrogen is oxidized from -1 to 0 with the loss of six electrons. When formic acid is
heated, carbon is oxidized from 0 to +2 with the loss of two electrons and hydrogen is
reduced from +1 to 0 with the gain of two electrons. When ammonia is heated in the
presence of oxygen, nitrogen is oxidized from -3 to 0 with the gain of 12 electrons,
hydrogen is oxidized from -1 to +1 with the loss of 24 electrons, and oxygen is reduced
from 0 to -2 with the loss of 12 electrons.

6

The MOD complexes will undergo decomposition to generate a metal with an oxidation
state of 0 with the respective decomposition products. The decomposition environment has
an impact on the decomposition products. An oxygen-free decomposition environment
such as the ones in Schemes 3a and 3b should be enough to reduce the metal complex to
the metal. Otherwise, as shown in Scheme 3c, the metal may be oxidized instead of
reduced. MOD complexes should decompose to a metal for printing. The metal film can
then be used in applications such as conductive inks or building structures.

1.5. MOD Inks
MOD inks are a precursor complexed with organic ligands and dissolved in a printable
solvent5. MOD complexes have a metal ion that is coordinated to an electron donating
molecule through a lone pair of electrons.16 An optimized MOD complex should possess:
i) an ink synthesis procedure that is both simple and high yielding, ii) an ink should possess
low viscosity, iii) patterned features after decomposition that is highly conductive at room
temperature and near bulk conductivity upon annealing at mild temperature, iv) an ink that
remains stable at room temperature for months without particle precipitation1,17. Examples
of MOD complexes that have been previously synthesized are copper nanowires18-23,
copper/nickel nanowires24, silver25,26, and aluminum.27 MOD inks that produce a
conductive property allows for the development of flexible and printable electronics.28 The
best candidates thus far for MOD inks with high conductivity are copper, silver, and
aluminum.18

1.5.1. Copper
Copper nanowires have attracted significant attention because of potential applications in
high electrical conductivity, resistance of bending, and nonlinear optical properties.19
7

Copper nanoparticles are widely used as raw materials for inkjet printing which also relates
to an application in electrical interconnectivity and conductive films.19 It is necessary to
find a simple technique to synthesize highly conductive copper nanowire conductors and
simultaneously achieve strong adhesion between copper nanowires and substrates without
high temperature, inert atmosphere, or acid corrosion.20
Copper nanowires are used in applications20 in flexible devices such as bendable displays,
stretchable strain sensors, artificial skin, and wearable electronics. The applications show20
the need for high electrical conductivity and stretchability of the copper nanowires.
Jiang et al19 reviewed the following three methods of preparing copper nanowires.
Rathmell et al21 prepared copper nanowires with uniform diameters on a large scale by
reduction of cupric nitrate (Cu(NO3)2). However, with this preparation method the
nanowires tended to form clusters. Formation of clusters will increase the potential of the
copper nanowires clogging the nozzle during printing. Mohl et al22 synthesized ultra-long
copper nanowires using copper(II) chloride (CuCl2) as a precursor. This synthesis method
led to monocrystalline copper nanowires to be easily oxidized which led to a deterioration
in its electrical conductivity. Zhang et al23 prepared copper nanowires in a water
environment with copper(II) acetylacetonate (Cu(acac)2). Zhang’s method23 led to an
intensive decrease in the potential damage to the environment however the overall yields
were limited. Jiang et al19 synthesized copper nanowires by an aqueous solution of copper
chloride, hexadecylamine, and glucose. When the amount of glucose in solution was
reduced, copper nanowires with novel features emerged.
Ding et al20 synthesized copper nanowires with anhydrous CuCl2, glucose, octadecylamine,
hexane, and isopropanol. Once the copper ink was made, it was sprayed onto a
8

polyurethane (PU) substance and then photonic sintered. The photonic sintering process
buried the copper nanowires into the surface of the PU substrate to form a strong adhesion
without any additional transfer processes or coating layers.20 This method developed a onestep photonic sintering technique that can fabricate highly conductive and stretchable
copper nanowire and PU substance at room temperature in air atmosphere. The resulting
copper nanowire showed high conductivity.20

1.5.2. Copper-Nickel Alloy
Precursor MOD inks are used to fabricate 2D and 3D printed conductive structures directly
onto a substrate.24 The structures are typically made with ink consisting of one metal, which
may not create the best printed structure due to low conductivity or corrosion of the metal.
However, a material can have different chemical and physical properties by mixing several
metal inks to create an alloy. Nanoalloys are solutions containing atoms or molecules of
two or more metals and a common alloy is copper and nickel.24 The physical and chemical
properties of nanoalloys can be enhanced by varying structure, composition, and particle
size.24 Copper-nickel nanoalloys have gained interest because of the conductivity of copper
and the corrosion resistance of nickel.24
Mahajan synthesized a copper MOD ink with copper formate tetrahydrate in a solution of
ethylene glycol and ethylenediamine.24 The nickel MOD ink was synthesized24 with nickel
formate dihydrate in a solution of ethylene glycol and ethylenediamine. Ethylenediamine
was used as the ligand for both copper and nickel complexes. To make nanoalloy inks,
copper and nickel inks were mixed together in the desired ratio. Copper and nickel MOD
inks contain metal formate salts complexed by ethylenediamine. The bidentate
ethylenediamine was used in the formation of the metal complex to enhance the reduction
9

efficiency, achieve complex stability, and to increase the solubility in the solvent.24
Ethylene glycol was used as a solvent to obtain suitable solubility.

1.5.3. Aluminum
Research in the Knapp27 group focused on aluminum MOD inks. The focus was on
aluminum because it is the fourth least resistant metal and the most abundant metallic
element in the Earth’s crust.27 Therefore, it is a candidate for MOD inks as it forms highly
electrically conductive metallic features. Aluminum is prone to oxidation to metal oxide
and metal hydroxides. Under a vacuum, formation of aluminum oxides are avoided.
Aluminum trihydride displays a low decomposition temperature and decomposes cleanly
to produce aluminum metal and hydrogen gas.27 However, aluminum trihydride can also
polymerize to form an insoluble solid rendering it useless for MOD inks. The aluminum
trihydride can be complexed with a donor atom, in this case a nitrogen ligand, to cause the
aluminum complex to become stable and thus prevent polymerization. Trimethylamine and
dimethylethylamine were chosen as two of the nitrogen ligands. After synthesis of the
trimethylamine aluminum trihydride and dimethylethylamine aluminum hydride,
decomposition products and conductivity tests were analyzed. The decomposition products
of the aluminum complex under a nitrogen atmosphere and elevated temperatures were
determined to be aluminum metal, hydrogen gas, and free amines.27 The decomposition
products of the aluminum complex in air and at room temperature were found to be
aluminum oxide in preference to the metal.27 The conductive aluminum coatings are
comparable to bulk aluminum.27 The conductivity of the aluminum coatings need to be
comparable to bulk aluminum to be able to use its electrically conductive metallic
features.18
10

A MOD complex that decomposes to a metal is important because of the applications in
wearable technology, conductive films, and bendable displays. The metals used previously
are conductive so electronic applications were favorable. A metal with a high strength can
be used in building structures.

11

Chapter 2 – Theoretical Review
Particle size and oxidation potentials need to be considered when synthesizing MOD
complexes. Characterization of the complexes are detailed later.

2.1. Gibbs-Thomson Effect
The Gibbs-Thomson effect describes the melting point shift in confined geometries.29 The
Gibbs-Thomson equation is

𝛥𝑇𝑚 = 𝑇𝑚 − 𝑇𝑚 (𝑑) =

4𝜎𝑠𝑙 𝑇𝑚
𝑑𝛥𝐻𝑓 𝜌𝑠

(1)

where Tm is the melting point depression of a small crystal, sl is the surface energy of
the solid-liquid interface, Tm is the bulk melting point, Tm(d) is the melting point of crystals
with size d, Hf is the bulk enthalpy of fusion, and s is the density of the solid. Assuming
that sl, TmHf, and s are independent of crystal size30 and combined into a new constant
k, the equation is reduced to

𝛥𝑇𝑚 =

𝑘
𝑑

(2)

The reduced equation shows that Tm is inversely proportional to size (d). As d increases,
Tm is close to zero so Tm(d) is close to Tm. As d decreases, Tm decreases in temperature
so Tm(d) is much less than Tm. The particle size needs to decrease from bulk crystal to
nanoparticle sizes to change the melting point.
Ansari31 modeled the Gibbs-Thomson equation for aluminum, lead, silver, and tin
nanoparticles. The decrease in melting temperature of a nanoparticle is noticeable at sizes
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below 100 nm. At sizes above 100 nm the melting temperature was near the temperature
of a bulk crystal. At nanoparticle sizes below 10 nm the decrease in particle size led to a
large decrease in melting temperature.
Alcoutlabi and McKenna30 reviewed the relationship of particle size and melting
temperature of materials such as aluminum nanoparticles and organic liquids in pores. The
aluminum nanoparticle with sizes below 20 nm had a larger decrease in melting
temperature with decreasing size. Nanoparticles with sizes above 20 nm had a smaller
decrease in melting temperature with increasing sizes.
Shim32 analyzed the Gibbs-Thomson equation with gold nanoparticles. The melting
temperatures of gold nanoparticles were found to be significantly lower than bulk gold
(1064°C). The melting temperatures decreased as particle size decreased. Nanoparticles
with a size of 6.0 nm and 1.6 nm had a melting temperature of 877°C and 277°C,
respectively.
Tungsten nanoparticles are thermally stable at high temperatures.33 Bulk tungsten has a Tm
of around 3400°C and tungsten nanoparticles (2 nm) has a Tm(d) of 724°C33. The goal
decomposition temperature for this work is 200°C which is much lower than the reported
Tm(d) of 724°C.
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2.2. Lewis Acid-Base Theory
An acid is an atom, molecule, or an ion that has one or more vacant orbitals where electrons
can be accepted. An acid-base reaction is shown as:
A + :B  A:B
Scheme 4. Generalized acid-base reaction.
Where A is the Lewis acid, the electron acceptor and :B is the Lewis base, the electron
donor. The product, A:B, is the acid-base complex or coordination compound. A list of
Lewis bases and acids are in Table 1.
Table 1. List of Lewis bases and acids used for this work.
Lewis bases
Lewis Acids
Ammonia (:NH3)
Silver, Ag+
Triethylamine (:NEt3)
Molybdenum, Mo0
Ethylenediamine (:NH2-CH2CH2-H2N:)
Tungsten, W0
Diethylenetriamine (:NH2(-CH2CH2-H2N:)2)
Carbonyl (:CO:)

A Lewis acid-base reaction forms an adduct which is a coordinate covalent bond. An
example Lewis acid-base reaction is silver oxalate and ethylenediamine as seen in Scheme
5.

Scheme 5. A Lewis acid-base reaction between silver oxalate and ethylenediamine.
Ethylenediamine is the Lewis base since nitrogen has lone pairs that can donate to silver
ions which is the Lewis acid.
For most Lewis acid-base reactions, the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) combination forms a new HOMO and
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LUMO molecular orbitals for the adduct. Stable product formation depends on HOMOLUMO orbital energy similarities. If the HOMO energy level is significantly greater than
the LUMO energy level, the electron transfer from the HOMO to the LUMO is more likely
to be a reduction-oxidation reaction without adduct formation. Lewis acids and bases can
be further sorted into hard and soft acids and bases.

2.3. Hard-Soft Acid-Base Theory
Hard-soft acid-base (HSAB) theory was presented by Pearson.34-38 Pearson states that
polarizable acids and bases are soft and non-polarizable acids and bases are hard.
A list of hard, soft bases and acids used are in Tables 2 and 3.
Table 2. List of hard, borderline, and soft bases used in this work.
Hard Bases
:NH3
:NEt3

Borderline Bases
:NH2-CH2CH2-H2N:
:NH2(-CH2CH2-H2N:)2

Soft Bases
:CO:

Table 3. List of soft acids (class b acids) used in this work.
Soft Acids
Ag+
Mo0
W0

Hard acids prefer to interact with hard bases and soft acids prefer to interact with soft
bases.34 A hard-hard or a soft-soft interaction is stronger than a hard-soft interaction. Hardhard interactions are stable because they have ionic bonding character. Soft-soft
interactions are stable because they have covalent bonding character.
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Covalent bonds are when two molecules share electrons.15 An example of a covalent bond
would be ammonia, where there is electron sharing between nitrogen and hydrogen. Ionic
bonds are a result of a complete electron transfer that results in two charged particles.15 An
example of an ionic bond would be sodium chloride, where sodium has a full positive
charge and chlorine has a full negative charge.
Acids are sorted into class a and b.34 Class a acids are hard acids and class b acids are soft
acids. Class b metals have d electrons to participate in π bonding. Hard Lewis acids, class
a acids, are acceptor atoms that are small in size, have a high positive charge, and do not
contain unshared pairs of electrons in the valence shell. Soft Lewis acids, class b acids, are
large in size, have a low positive charge, and contain unshared pairs of electrons in the
valence shell. Bases are classified as hard or soft based on polarizability.34 Hard Lewis
bases are donor atoms that have high electronegativity, low polarizability, and are hard to
oxidize. Soft Lewis bases have low electronegativity, high polarizability, and are easy to
oxidize.
Hard-hard interactions are primarily electrostatic.36 Hard acids bond to hard bases through
ionic forces since the LUMO of the acid is much higher in energy than the HOMO of the
base.37,39
Soft acids bind to soft bases by covalent bonding between two atoms of similar size and
electronegativity.34 Soft-soft interactions have LUMO and HOMO energies that are much
closer in energy, and the electron density of the adduct is shared.37,39
Klopman’s40 quantum mechanical perturbation theory looks at frontier orbitals of the donor
and acceptor atom. The donor atom has the highest occupied orbitals. The acceptor atom

16

has the lowest empty orbitals. If the donor and acceptor orbitals have a large energy
difference there is little electron transfer and binding forces are similar to ionic bonding. If
the donor and acceptor orbitals have a small energy difference there is a strong electron
transfer from donor to acceptor and binding forces are similar to covalent bonding.
Generalized acid base reactions follow the change in chemical potential. Chemical
potential differences drive the electron transfer. The energy of the system lowers due to
ionic interactions or covalent bonding.

2.3.1. HSAB Quantitative Measures
HSAB has two major quantitative measures37, absolute hardness and absolute
electronegativity. Absolute hardness is measured as

𝜂=

(𝐼 − 𝐴)
2

(3)

where η is absolute hardness, I is ionization energy, and A is electron affinity. Absolute
electronegativity is measured as

χ=

(𝐼 + 𝐴)
2

(4)

where χ is absolute electronegativity. The value of χ is exactly at the energy midpoint
between the HOMO and LUMO.37 The energy gap between the HOMO and LUMO is
equal to 2η.37 Larger η values corresponds to a harder acid or base. Ionization energy is the
energy of the HOMO and electron affinity is the energy of the LUMO and can be described
as shown in Equation 5.
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𝐸𝐻𝑂𝑀𝑂 = −𝐼

𝐸𝐿𝑈𝑀𝑂 = −𝐴

(5)

χ values for Lewis acids are higher in energy than Lewis bases.38
Hard molecules have a large HOMO-LUMO gap and soft molecules have a small HOMOLUMO gap.37 Neutral metal atoms are soft and bulk metals are softer.38
A chemical system has chemical potential38 and is measured as

−µ =

(𝐼 + 𝐴)
=𝜒
2

(6)

where electric chemical potential, µ, is equal to –χ. When two chemical systems are brought
together, electrons flow from high µ to low µ until the chemical potentials become equal38
(Figure 1).

Figure 1. Orbital energy diagram of molybdenum, carbonyl, and Mo-CO adduct. Energy
(eV) is on the y axis. Literature values of I, A, χ, and η are used38,41,42. Mo-CO adduct has
arbitrary values.
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An orbital energy diagram for molybdenum carbonyl complex is shown in Figure 1.
Molybdenum has a χ of 3.9 eV and CO has a χ of 6.1 eV. The chemical potential of the
two systems flow from high to low potential, so molybdenum acts as the Lewis base and
carbonyl acts as the Lewis acid and forms the Mo-CO adduct. Molybdenum is participating
in π back-bonding where the metal donates its electrons to the π LUMO of the ligand and
increases the stability of the metal-ligand bond.

2.4. Ligand Field Theory
Ligand field theory39 analyzes the bonding interactions between metal and ligand frontier
orbitals to form molecular orbitals. Ligands interact with the metal in an octahedral
manner39, interacting with the dz2 and dx2-y2 orbitals. Ligands in octahedral complexes
interact with metals either by sigma interactions by donating electrons to a metal orbital or
pi interactions by the ligand-metal orbitals interacting in two regions.
Metal d orbitals and ligand orbitals are assigned to a point group.39 Point groups have a
reducible representation that determines the bonding and antibonding orbitals. When the
metal and ligand orbitals have the same symmetry and energy, a bond is formed.
Molybdenum hexacarbonyl and tungsten hexacarbonyl are octahedral complexes. The
ligand field for octahedral complexes are shown in Figure 2.
A metal dz2 orbital and a ligand p orbital interact in a sigma fashion. The ligand σ orbital is
lower in energy than the metal d orbital. The bonding orbital is mostly localized on the
ligand and the antibonding orbital is mostly localized on the metal. As a result, the ligand
donates the electrons and those ligands are σ donors.
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Figure 2. Ligand field diagram for octahedral complexes. M is Mo or W. L is CO.
The metal d orbitals interact with some of the ligand π and σ orbitals. The ligand π orbitals
are higher in energy than the metal d orbitals. As a result, the bonding orbitals between the
d and π orbitals are lower than the initial metal d orbitals. This results in π back bonding.39
π back-bonding occurs when the electrons from the metal occupy the π orbitals with
contribution from the ligands. The metal gives some electron density back to the ligands.
Those ligands are called π-acceptors.39 When the ligands donate electrons to the metal, the
ligands are called π-donors. π back-bonding stabilizes the metal-ligand bond because the
metal electrons are transferred back to the ligand which increases the strength of the metalligand bond. σ-donors have an orbital overlap with a metal d orbital and a ligand p orbital.39
The ligand p orbital donates the electrons to the metal d orbitals and forms an σ bond. Table
4 below lists the σ donors and π acceptors used.
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Table 4. List of σ donors and π acceptors used.
σ donors

π acceptors

:NEt3

(COO-)2

:NH2-CH2CH2-H2N:

:C≡O:

:NH2(-CH2CH2-H2N:)2
Oxalate ((COO-)2)
:C≡O:

2.5. Reduction Potentials
The reduction potentials of copper, silver, aluminum, tungsten, and molybdenum are
shown in Table 5.
Table 5. Electron reduction potentials of various metals.
E0 (v)
Ag+ + 1e-  Ag

+0.79

Cu+ + 1e-  Cu

+0.52

W3+ + 3e-  W

+0.10

Mo3+ + 3e-  Mo

-0.20

Al3+ + 3e-  Al

-1.68

The reduciton potentials are related to Gibbs free energy,
𝛥𝐺 0 = −𝑛𝐹𝐸 0

(7)

where n is moles of electrons, F is Faraday’s constant, and E0 is reduction potential. A
negative free energy means the reaction will proceed spontaneously. A positive free energy
means the reaction will proceed nonspontaneously. Tungsten and molybdenum have
reduction potentials between copper, silver, and aluminum. Copper, silver, and tungsten
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have a postitve reduction potential meaning the Gibbs free energy is overall negative so
the reaction is spontaneous. Aluminum and molybdenum have a negative reduction
potential, meaning the free energy is postive so the reaction is non-spontaneous. As the
Knapp group27 has previously shown, an aluminum MOD complex is possible, therefore
tungsten and molybdenum MOD complexes should be possible to synthesize.
The reduction potentials of some ligands are shown in Table 6.
Table 6. Oxidation potentials for various ligands and oxygen.
E0 (v)
S2-  S + 2e-

+ 0.41

N2H5+  N2 + 5H+ + 4e-

+0.23

HCO2H  CO2(g) + 2H+ + 2e-

+0.20

H2C2O4  2CO2(g) + 2H+ + 2e- +0.48
W(s) + O2(g)  WO2(s)

+1.35

If the half reactions of the metal reduction potentials and the ligand reduction potentials
are combined, the overall reduction potential is still positive. The ligand oxidation
potentials are positive which means the reaction is spontaneous. However, the oxidation of
tungsten has an oxidation potential that is higher than any of the tungsten-ligand
complexes. The reaction between tungsten and the ligands can still happen, but the
oxidation reaction can also happen since the oxidation potential is higher. Synthetic routes
avoiding oxidation of tungsten and molybdenum include reactions in an inert atomsphere.
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2.6. Ellingham Diagram
An Ellingham diagram43 is a graph showing the ease of oxidation as a function of
temperature. As shown in Figure 3, the x axis is increasing in temperature with the y axis
as the Gibbs free energy, with more positive values when moving up the axis. The lower
the line is, the easier it is for the metal to be oxidized. Or, conversely, the harder it is to
reduce the metal oxide to the metal.

Figure 3. Ellingham Diagram of metal oxides. Diagram borrowed from Arteta.44

For example, silver oxide43 is relatively unstable and can be decomposed to silver and
oxygen relatively easily. Reduction of silver oxide can be done just by heating it to a
relatively high temperature. Another example is aluminum oxide. The line for aluminum
oxides is near the bottom of the diagram. Aluminum oxides43 are very stable and therefore
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much harder to reduce to the metal. To reduce the aluminum oxide to the metal, a high
temperature and a reducing environment such as carbon is needed.

2.6.1. Aluminum and Tungsten Ellingham Diagram
An aluminum Ellingham diagram43 is shown in Figure 4. The blue line, aluminum oxide,
is much lower than the black and red lines, which are tungsten oxides. A lower line means
the oxide formation is favorable and more energy required to reduce metal oxides to the
metal.

Figure 4. Ellingham Diagram of aluminum and tungsten oxides. Diagram borrowed from
Manjunath.45

The Knapp group27 was able to reduce the aluminum compound to the aluminum metal
under nitrogen atmosphere and at tempreatures from 100-120°C. The tungsten oxide lines
are above the aluminum oxide lines, which means it should be possible to reduce a tungsten
oxide to tungsten metal.
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2.6.2. Tungsten and Molybdenum Ellingham Diagrams
The tungsten and molybdenum Ellingham diagrams46 are shown in Figure 5. The diagrams
are almost identical.

a

b

Figure 5. Ellingham Diagrams. Figure 5a. Ellingham Diagram of various tungsten
oxides. Figure 5b. Ellingham Diagram of various molybdenum oxides. Diagrams
borrowed from Worrell.46

As shown in Figures 5a and 5b, the x axis is increasing in temperature with the y axis as
energy with more positive values when moving up the axis. Tungsten (Figure 5a) and
molybdenum (Figure 5b) have similar values for ease of oxidation of the metal. Tungsten
has the WO3 and WO2 lines close, meaning the energy required to oxidize the metal to
WO3 and WO2 are about the same. Molybdenum has the MoO3 and MoO2 lines farther
apart, with MoO3 starting at about 75 kcal and increasing with the increase in temperature.
MoO2 starts at about 130 kcal and increasing with the increase in temperature. Since MoO2
is lower than MoO3, there is an increase of ease of oxidation to MoO2 compared to MoO3.
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2.7. Molybdenum and Tungsten
Molybdenum is found on Earth as molybdenite (MoS2) and wulfenite (PbMoO4); and
tungsten is found on Earth as wolframite (FeWO4 and MnWO4), scheelite (CaWO4) and
stolzite (PbWO4).47 The molybdenite that is found in ores can be concentrated by the foam
flotation process, then the concentrate is converted to MoO3 and purified. After
purification, MoO3 can be reduced with hydrogen to the metal. Tungsten ores are
concentrated, then attacked by fusion with NaOH. The ores are then leached with water to
yield sodium tungstate and then hydrous WO3 is precipitated by acidification. Tungsten
oxide is then reduced with hydrogen to give tungsten metal.
Molybdenite is the most stable sulfide at high temperatures and dissolves only in strongly
oxidizing acids. With molybdenite, n-butyllithium can be reacted to give lithium
molybdenite. Sulfur as a ligand prefers the bridging positions. Desulfurization of a metal
atom, in this case molybdenum, can also occur to obtain just the metal. Perthio ions which
are M(S42-) where M is a metal, have been shown to serve as bidentate ligands.
Molybdenum and tungsten only form one type of carbonyl, M(CO)6.47 These metal
carbonyls undergo a variety of reactions with partial or total replacements of the carbonyl
ligand.

2.8. Characterization
Characterization of silver, molybdenum, and tungsten MOD complexes will require
melting point, fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy,
proton and carbon-13 nuclear magnetic resonance (NMR), and thermogravimetric analysis
(TGA).
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2.8.1. Melting Point Determination
The magnitude of the melting point is based on intermolecular interactions.48 The sum of
total intermolecular interactions increases the melting point. The intermolecular interaction
strength is as follows:
London < dipole-dipole < hydrogen bonding < ionic
London dispersion forces are weak attractive forces that every molecule has. The forces
increase as the molecular size increases. The melting point increases as the molecular size
increases. An example of an increase in melting point with the increase of molecular size
is methane and hexane.48 Methane has a melting point of -182°C and hexane has a melting
point of -95°C.
Dipole-dipole forces are when a functional group contain electronegative atoms that are
more electronegative than carbon. The electrons are pulled toward the more electronegative
atom making it slightly negative and the carbon slightly positive. A charge separation is a
polar bond giving a molecular dipole. The partially negative side of the molecule is
attracted to the partially positive side of another molecule which increases the
intermolecular force interactions. The melting point increases as the dipole increases. An
example of dipole-dipole forces impacting melting point is with isobutane and acetone.48
Isobutane has no dipole so the melting point is -137°C and acetone has a dipole so the
melting point is -94°C.
Hydrogen bonding is a stronger intermolecular attractive force. Hydrogen bonding occurs
when a molecule has O-H groups or N-H groups present. The hydrogen is attracted to the
unshared electron pairs on the O or N of another molecule. Hydrogen bonds are broken
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when there is sufficient energy. An example of hydrogen bonding impacting the melting
point is with ethane and ethanol.48 Ethane has no hydrogen bonding so the melting point is
-172°C and ethanol has a melting point of -114°C.
Ionic attractive forces have a significant increase in melting point. The positive ion and
negative ion are strongly attracted which increases the intermolecular interactions. For
example, acetic acid has a melting point of 17°C but sodium acetate has a melting point of
above 300°C. The ionic attractive forces between the O- and Na+ are much stronger than
the hydrogen bonding of O-H.

2.8.2. FTIR Spectral Analysis
FTIR spectra examines the vibrational bond frequency of molecules.48
The band position is proportional to the energy of vibration and inversely proportional to
mass
1 𝑘 1/2
𝜈=
( )
2𝜋 𝜇

(8)

where ν is the frequency in cm-1, k is the force constant (bond type) in N/cm, and µ is the
reduced mass in kg. When the reduced mass increases, the frequency is shifted to a lower
wavenumber. Table 7 summarizes the changes in frequency and peak position.
Table 7. Bond types and the relative changes in frequency and peak position.
Higher frequency
N-H
Lower mass in the
C-H
bond
C=O
C-H

Bond strength
increases
No change in dipole
moment
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Lower frequency
C-C
Higher mass in the
C-O
bond
C-D
C-O
Bond strength
decreases
H-C=O
Change in dipole
moment due to O

Functional groups have different peak intensities because of the change in dipole moment
and the concentration of the sample.
Intermolecular interactions changes the peak width. Broader peaks means a lot of
intermolecular interaction and narrower peaks means weaker intermolecular interactions.

2.8.3. Raman Analysis
Raman spectroscopy is complimentary to FTIR spectroscopy. Raman is a virtual scattering
phenomenon based on polarization changes. Radiation from a laser excites molecules to
higher electronic states.39 The scattered radiation from the decay of the excited states
correlate to a vibrational state.39 A vibrational state is seen when the excited state changes
the polarizability of the molecule.39 Some vibrations are Raman active only, FTIR active
only, or both FTIR and Raman active.

2.8.4. NMR Analysis
Nuclei such as 1H and
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C have spin states that are associated with energy states when

placed in a magnetic field.48 When the spin states are aligned, the energy state is lower in
energy and if the spin states are opposed, the energy state is higher in energy. The
difference in energy between the two states is what is shown on the NMR spectra. The
change in bonding type, electronegativity changes the frequency which gives different
absorption signals correlating to chemical shifts.
The chemical shift is dependent on bond types and electronegativity of the atoms around
the protons. Splitting patterns are when protons couple with other protons three bonds
away. One adjacent proton has a coupling pattern as a doublet; two adjacent protons have
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a coupling pattern as a triplet. The number of distinctive protons is determined from the
integration of the peak.
13

Carbon NMR analyzes the connectivity of the carbon atom. The shift is dependent on

what the carbon is connected to; an sp3 carbon connected to protons are more upfield than
an sp2 carbon connected to protons, sp2 carbons connected to more electronegative atoms
are downfield. Peak integration is not used in 13C NMR because the peaks are all singlets.

2.8.4.1. Evans Method
The Evans method is a way of analyzing shifts of proton resonance peaks of inert reference
molecules in solution caused by paramagnetic substances.49 The inert reference solvent is
a molecule that has chemically and magnetically equivalent protons. A solution is made
with the paramagnetic substance in the inert reference solvent and an external reference is
made with the reference in the NMR solution. t-Butyl alcohol (t-BuOH) was used because
all of the protons are chemically and magnetically equivalent. A downfield shift in t-BuOH
peaks determines the mass susceptibility of the paramagnetic substance. The number of
unpaired electrons can be calculated from this method.

2.8.5. Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) is a method of heating a sample and measuring the
mass loss as a function of temperature.50 TGA provides information if a sample undergoes
decomposition or a phase change.
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Chapter 3 – Silver MOD
The research goal of this work is to synthesize a MOD complex that decomposes to the
metal at temperatures at or below 200°C. Silver was used as a model for molybdenum and
tungsten.

3.1. Literature Methods
Silver inks were formulated in a variety of ways that included nanoparticles (NP), reactive
organometallic inks (ROM), and MOD inks.
Silver NP were synthesized51 from silver acetate with reducing agents such as sodium
borohydride and substituted hydrazines. The reduction of silver acetate to silver NP
occurred at low temperatures and took less than one hour to complete. Silver NP were
precipitated from a mixture of acetone and methanol. The advantage51 of using this method
is low reaction temperature and short reaction time, high concentration of silver NP, and
relatively inexpensive starting materials. The silver NP film had similar conductivity of
other printed silver films and was sufficient for applications of electronic devices.
ROM inks52 combine MOD and inkjet printing methods. The ink is made with an
organometallic component and a co-reducing agent component. The organometallic
component, silver hexafluoroacetylacetonate cyclooctadiene [(hfac)(1,5-COD)Ag], is used
as the ink and the solvent, isopropyl alcohol is the co-reducing agent.52 The isopropyl
alcohol assists in the reduction of (hfac)(1,5-COD)Ag to metallic silver and the removal of
the hfac ligands. This process is done at low temperatures to avoid sintering the film. The
inkjet process52 is used to print the (hfac)(1,5-COD)Ag and the co-reducing agent to the
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printing surface. The silver film has electrical resistivity that has 40% of the resistivity of
bulk silver.52
Silver was chosen due to the high conductivity in the metallic state.16 Silver oxalate was
chosen for the MOD ink because the molecule has a high silver weight fraction.16 It was
found that silver oxalate thermally decomposes to produce silver metal and carbon
dioxide.26 Silver oxalate was found to dissolve in presence of excess nitrogen containing
complexing agents and therefore ethylenediamine was chosen as the nitrogen ligand.26
Ethylenediamine is a bidentate ligand which boils at a low temperature. The solid silver
complex, μ-oxolato-bis(ethylenediaminesilver (I)), was found to decompose at a lower
temperature than silver oxalate. The decomposition products include silver metal,
ammonia, carbon dioxide, and water. Silver metal conductivity was close to bulk silver
conductivity.26
The thermal decomposition of silver oxalate follows the pathway in Scheme 6.25
AgC2O4  Ag + 2CO2
Scheme 6. Silver oxalate thermal decomposition pathway.

3.2. Mechanisms
Scheme 7 shows the formation of silver oxalate from silver acetate and oxalic acid. Scheme
8 shows the formation of the ligand-silver complex from silver oxalate and an amine ligand.

Scheme 7. Formation of silver oxalate from silver acetate and oxalic acid.
The amine ligands act as a Lewis base and silver oxalate is a Lewis acid. The Lewis base
donates the electrons to the Lewis acid. The ligands used are ethylenediamine,
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diethylenetriamine, and

triethylamine. Ethylenediamine is a bidentate ligand,

diethylenetriamine is a tridentate ligand, and triethylamine is a monodentate ligand. The
denticity of the ligands should have an impact on the stability of the complex. The increase
in denticity increases the stability of the complex. The ligands decrease in hardness as the
size of the molecule increases.39

(a)

(b)

(c)

Scheme 8. Reaction of silver oxalate with ethylenediamine (a), diethylenetriamine (b),
and triethylamine (c).

3.3. Synthetic Methods
Aqueous solutions of silver acetate and oxalic acid were mixed together to form silver
oxalate as shown in Scheme 7. Silver oxalate was added to an aqueous solution of a
nitrogen ligand to form a ligand-silver oxalate complex, shown in Scheme 8. Other
methods for the formation of silver oxalate include silver citrate53 and silver nitrate16
instead of silver acetate.
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Oxalic acid (0.5M) was prepared by adding 0.139 g of oxalic acid to 0.3 mL of DI H2O.
0.5M silver acetate was prepared by adding 0.42 g of silver acetate to 5 mL of DI H 2O.
The two solutions were poured together and a white precipitate formed. The white
precipitate was filtered and washed with distilled water, then filtered again and dried in a
vacuum oven. Silver oxalate was stored in an amber vial at room temperature in the dark
to avoid photodegradation of the complexes. When light hits a silver compound, a silver
cation accepts the electron and is reduced to silver metal.54 The complexes are also
thermally sensitive, and the complexes were stored in the freezer to avoid thermal
decomposition.
An aqueous solution of ethylenediamine was prepared with 0.2 mL ethylenediamine and
0.3 mL DI H2O and stirred for five minutes before adding 0.28 g of silver oxalate. Excess
isopropyl alcohol (10 mL) was added to the solution and a white precipitate formed. The
white precipitate was washed with isopropyl alcohol, filtered, and dried in a vacuum oven
overnight. The ethylenediamine-silver oxalate complex was stored in an amber vial in the
freezer.
The same procedure was followed for diethylenetriamine (0.514 g in 0.866 mL DI H2O)
and triethylamine (1.999 g in 3.227 mL DI H2O) in place of ethylenediamine.
Diethylenetriamine-silver oxalate complex afforded a dark orange oil. Triethylamine-silver
oxalate complex afforded a gray solid. All complexes were stored in an amber vial in the
freezer.
Atoms in a solid are organized in a lattice. Atoms in a liquid are not organized in a lattice.
Atoms in an oil are physically in-between a solid and a liquid. Some order is seen but there
could be rotation along the bonds which does not allow for an ordered lattice. Silver oxalate
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molecules can be organized neatly into a lattice. The addition of ethylenediamine to silver
oxalate does not impact the ordered lattice as the ligand is symmetrical. Once the
diethylenetriamine is complexed to silver oxalate, there is an amine group that is not bound
to an atom. Diethylenetriamine-silver oxalate has two potential isomers as seen in Figure
6. The two isomers do not organize neatly in a lattice so the complex in Figure 6 is an oil
rather than a solid.

Figure 6. Isomers of diethylenetriamine-silver oxalate.
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3.4. Silver MOD Complex Results and Discussion
The 13C NMR and FTIR data of AgOx, en-AgOx, dien-AgOx, and NEt3-AgOx are shown
in Tables 8, 9, 10, and 11.

3.4.1 Silver Oxalate
FTIR spectra of oxalic acid and silver oxalate are in Appendix A pages 102 and 106
respectively.
Table 8. Physical data and comparison of oxalic acid and silver oxalate.

Yield, %
Color
Melting Point, °C
Assignment
O-C=O

C-C
C-O
O-H
Ag-O

Physical Data
Oxalic Acid
n/a
White
100
Spectral Data
Oxalic Acid
FTIR (cm-1)
1653 m, ν
1234, 1176 m, δ
1435 w, ν
1176 m, ν
3419 m,ν

Silver Oxalate
73.6
White
140, decomposed
Silver Oxalate
1556 s, ν
773 s, δ
520 s, δ
1384 w, ν
1303 s, ν
773 s, ν
412 w, ν

s=strong, m=medium, w=weak; ν=stretching, δ=bending.
The melting point of oxalic acid is 100°C and the melting point of silver oxalate is 140°C.
The melting point increases because of the newly formed bond between silver and oxygen
which increases the mass of the complex. The increase in mass increases the melting
point.48
Oxalate IR peaks are affected upon coordination to silver.55,56 Oxalate complexation is
shown by the shift of the oate O-C=O peak from 1653 cm-1 to 1556 cm-1 and the
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disappearance of the O-H peak. The increased mass from O-H to O-Ag increases the
reduced mass which causes a shift to a lower wavelength. If the silver oxalate complex is
formed, then we would see the appearance of an Ag-O symmetric stretching16 IR transition.
As shown in Table 8, the Ag-O stretching peaks appear26 at 773 cm-1 and 412 cm-1. The
complex is silver oxalate and spectral values match those found in Zope.16
No NMR was taken of silver oxalate as there were no suitable solvents for analysis.
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3.4.2. Ethylenediamine-Silver Oxalate MOD Complex
FTIR spectra of oxalic acid, silver oxalate, ethylenediamine, and the complex are in
Appendix A pages 101, 106, 103, and 107 respectively.
Table 9. Comparison of oxalic acid, silver oxalate, ethylenediamine, and the complex.
Physical Data
Oxalic Acid
Silver Oxalate
(en)AgOx
Yield, %
N/A
N/A
81.2
Color
White
White
White
Melting Point, °C 100
140, decomposed
120, decomposed
Spectral Data
Assignment
Oxalic Acid
Silver oxalate Ethylenediamine (en)AgOx
13
C NMR (ppm)
O-C=O
162.1
174
N-C
44.18
44
FTIR (cm-1)
O-C=O
1653 m, ν
1556 s, ν
1571 s, ν
1234, 1176 m, δ 773 s, δ
1286 s, δ
520 s, δ
754 s, δ
C-C
1435 w, ν
1384 w, ν
1379 w, ν
C-O
1176 m, ν
1303 s, ν
1286 s, ν
O-H
3419 m,ν
Ag-O
773 s, ν
754 s, ν
412 w, ν
339 w, ν
N-H
3356, 3277 w, ν
3263, 3128 m, ν
1593 m, δ
1653 m, δ
C-N
1095, 1051 w, ν
1095, 1078 m, ν
C-H
2918, 2848 m, ν 2947 w, ν
1354 w, δ
s=strong, m=medium, w=weak; ν=stretching, δ=bending.
The melting point of silver oxalate 140°C and the silver complex melting point was 120°C.
The melting point is the same as Zope reported.16
The coordination of the compound is shown by the 13C NMR with an N-C peak at 44 ppm
and a shifted oate O-C=O peak at 174 ppm.26 The coordination of silver to oxalic acid
results in a downfield shift of the oate peak compared to the free oxalic acid.16 Silver is
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diamagnetic which would cause an upfield shift49 of the N-C peak, which is seen in Table
9. The FTIR of the compound has shifted oate O-C=O peaks at 1571 cm-1, 1286 cm-1, and
754 cm-1. The Ag-O peaks are shifted to 754 cm-1 and 339 cm-1. Amines are an electron
donating moiety.55,56 When an amine is complexed, the resulting N-H IR peaks are
expected to shift to a lower wavenumber55,56 due to coordination of the amine to the silver16
and the increase in reduced mass.48 As seen in Table 9, the N-H peaks shifted from 3356
cm-1 to 3263 cm-1.

3.4.2.1. Ethylenediamine-Silver Oxalate MOD Complex Thermal
Decomposition Analysis
The solid complex was heated to 350°C at a rate of 5°C/min under nitrogen. The sample
decomposed at 125°C with a mass loss of 49% as shown in Figure 7.

Figure 7. TGA of ethylenediamine-silver complex. The blue line is the % Weight. The
orange line is the Derivative Weight Change (%/°C).
A theoretical decomposition sequence of the complex to silver and its byproducts was
written out in Scheme 9. The mass loss of 49% matches the decomposition products of
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carbon dioxide and ethylenediamine. Silver oxalate decomposes to silver and carbon
dioxide.25 The remaining mass is equivalent to metallic silver.

Scheme 9. Decomposition pathway of ethylenediamine-silver oxalate.
The decomposed sample had a metallic silver appearance.

3.4.2.2. Ethylenediamine-Silver Oxalate MOD Complex Discussion
The complex μ-oxolato-bis(ethylenediaminesilver (I)) was formed. The

13

C NMR and

FTIR spectra of silver oxalate and μ-oxolato-bis(ethylenediaminesilver (I)) matches the
literature values found in Zope et al.26
Ethylenediamine reacted with silver oxalate to make the complex, µ-oxolatobis(ethylenediamine)silver(I). The TGA showed the complex decomposed at 125°C. The
solid left behind was silver.
Ethylenediamine is a softer Lewis base than diethylenetriamine and triethylamine. Silver
oxalate is a soft Lewis acid. Soft acids and soft bases will react with each other to form
stable covalent bonds.
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3.4.3. Diethylenetriamine-Silver Oxalate MOD Complex
FTIR spectra of oxalic acid, silver oxalate, diethylenetriamine, and the complex are in
Appendix A pages 102, 106, 104, and 108 respectively.
Table 10. Comparison of oxalic acid, silver oxalate, diethylenetriamine, and the complex.
Physical Data
Oxalic Acid
Silver Oxalate
(dien)AgOx
Yield, %
N/A
N/A
79.3
Color
White
White
Dark orange oil
Melting Point, °C 100
140, decomposed
N/A
Spectral Data
Assignment
Oxalic acid
Silver oxalate Diethylenetriamine (dien)AgOx
13
C NMR (ppm)
O-C=O
162.1
173
N-C
51.22, 40.48
50.84, 41.15
FTIR (cm-1)
O-C=O
1653 m, ν
1556 s, ν
1560 s, ν
1234, 1176 m, δ 773 s, δ
520 s, δ
C-C
1435 w, ν
1384 w, ν
C-O
1176 m, ν
1303 s, ν
1321, 1301 s, ν
O-H
3419 m,ν
Ag-O
773 s, ν
775, m ν
412 w, ν
N-H
3352, 3278 w, ν
3246, 3277 s, ν
1595 m, δ
1629 s, δ
C-N
1128, 1062, 1035
1109, 1028,
m, ν
931 m, ν
C-H
2924, 2612 m, ν
2929, 2854 s, ν
1456, 1350, 1301
1453, 1377 m,
m, δ
δ
s=strong, m=medium, w=weak; ν=stretching, δ=bending.
The coordination of the compound is shown by the 13C NMR with a shifted N-C peak due
to the diamagnetic silver. The coordination of silver to oxalic acid results in a downfield
shift of the oate peak compared to the free oxalic acid16 as seen in Table 10. The FTIR of
the compound has shifted oate O-C=O peaks at 1560 cm-1 due to the increase in reduced
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mass from O-H to O-Ag. The Ag-O peak stays at 775 cm-1. The N-H peaks shifted to 3246
cm-1 and 3277 cm-1.

3.4.3.2. Diethylenetriamine-Silver Oxalate MOD Complex Thermal
Decomposition Analysis
The sample was heated to 350°C at a rate of 5°C/min under nitrogen. The sample
decomposed at 169°C with a mass loss of 58% as shown in Figure 8.

Figure 8. TGA of diethylenetriamine-silver complex. The blue line is the % Weight. The
orange line is the Derivative Weight Change (%/°C).
A theoretical decomposition sequence of the complex to silver and the byproduct is shown
in Scheme 10. The remaining mass is equivalent to metallic silver. The mass loss of 58%
matches the decomposition products of carbon dioxide and diethylenetriamine. The
complex decomposes to silver, diethylenetriamine, and carbon dioxide. Silver oxalate
decomposes to silver and carbon dioxide.25 The remaining mass is equivalent to metallic
silver.
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Scheme 10. Decomposition pathway of diethylenetriamine-silver oxalate.
The decomposed sample had a metallic silver appearance.

3.4.3.3. Diethylenetriamine-Silver Oxalate MOD Complex Discussion
The suggested complex is μ-oxolato-bis(diethylenetriaminesilver (I)). The FTIR spectra of
silver oxalate matches the literature values found in Zope et al.26
Diethylenetriamine reacted with silver oxalate to make the complex, µ-oxolatobis(diethylenetriamine)silver(I). The TGA showed the complex decomposed at 169°C. The
solid left behind was silver. The increase in decomposition temperature may be from
increased stability of the complex. Diethylenetriamine has three nitrogens that can donate
lone pairs. Silver has three binding sites and one is already taken up by oxalate. The last
two binding sites are interacting with two of the nitrogens in diethylenetriamine. The free
nitrogen may be participating in hydrogen bonding with the other free nitrogens leading to
an increase in stability. An increase in complex stability requires more energy to break the
bonds.
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3.4.4. Triethylamine-Silver Oxalate MOD Complex
FTIR spectra of oxalic acid, silver oxalate, diethylenetriamine, and the complex are in
Appendix A pages 102, 106, 105, and 109 respectively.
Table 11. Comparison of oxalic acid, silver oxalate, triethylamine, and the complex.
Physical Data
Oxalic Acid
Silver Oxalate
(NEt3)AgOx
Yield, %
N/A
N/A
51.6
Color
White
White
Gray
Melting Point, °C 100
140, decomposed
140, decomposed
Spectral Data
Assignment
Oxalic acid
Silver oxalate
Triethylamine
(NEt3)AgOx
13
C NMR (ppm)
O-C=O
162.1
N-C
46.17
C-C
11.51
-1
FTIR (cm )
O-C=O
1653 m, ν
1556 s, ν
1556 s, ν
1234, 1176 m, δ 773 s, δ
773 s, δ
520 s, δ
520 s, δ
C-C
1435 w, ν
1384 w, ν
1384 w, ν
C-O
1176 m, ν
1303 s, ν
1303 s, ν
O-H
3419 m,ν
Ag-O
773 s, ν
773 s, ν
412 w, ν
412 w, ν
C-N
1203 w, ν
C-H
2968-2795 m, ν
1465-1381 m, δ
s=strong, m=medium, w=weak; ν=stretching, δ=bending.
The FTIR of the reaction product matches silver oxalate (Table 8), suggesting no reaction
occurred between triethylamine and silver oxalate.
The melting points of silver oxalate and the reaction product are the same. A mixed melting
point was taken and resulted in no melting point depression indicating that the two solids
are the same.
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No NMR was taken as there was no suitable solvent for analysis.

3.4.4.1. Triethylamine-Silver Oxalate MOD Complex Discussion
Triethylamine reacted with silver oxalate. An instantaneous color change from white to
red-brown to gray was observed during the reaction. The color change from red-brown to
gray may be due to silver oxalate reacting with triethylamine causing the silver reduction
from Ag+ to Ag0. The expected product, µ-oxolato-tetrakis(triethylamine)silver(I) was not
made. The FTIR showed only silver oxalate peaks. Triethylamine is a hard Lewis base and
silver oxalate is a soft Lewis acid. Reactions between a hard Lewis base and a soft Lewis
acid are unlikely to happen or form weak and unstable complexes.
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Chapter 4 – Molybdenum MOD
4.1. Literature Methods
Molybdenum hexacarbonyl undergoes a ligand substitution where one or two of the
carbonyls are displaced by the substituting ligand.57 The magnitude of the carbonyl
displacement depends on the stoichiometry of the ligand and the reaction time.57 The FTIR
of molybdenum hexacarbonyl has one strong sharp band at 2000 cm-1. Ligand substitution
shifts the carbonyl peak to lower frequencies. The relative peak change is due to the back
donation of electrons from the metal to the ligand.57
The coordination of amine ligands to molybdenum shifts the amine peaks to higher wavenumbers. The shift is because of the participation of nitrogen in the coordination to the
metal.58 When the amine ligand coordinates to molybdenum, a metal-nitrogen peak is
observed58,59 between 470-420 cm-1.
The reaction of molybdenum hexacarbonyl and ligands occur in a few different ways:
reflux60-63 or microwave radiation.64,65
Microwave radiation uses a reflux set up built into a microwave.65 Molybdenum
hexacarbonyl and an excess of ethylenediamine in diglyme was microwaved for 30 seconds
at 150°C to afford a yellow solid at 62% yield.64 The increase in yield is because of the
closed reflux system so the starting material is washed back into the reaction mixture.64
Reflux reactions are the most common synthetic method for reaction of molybdenum
hexacarbonyl and amine ligands.63 Molybdenum hexacarbonyl and a diamine were
heated63 at reflux in di-n-butylether for 2 hours to afford a yellow powder. After cooling to
room temperature, the complex was concentrated under reduced pressure and washed with
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cold hexanes to afford a yellow powder.63 Herve et al63 found the binding strength of the
amines toward Group 6 metal carbonyls to be
R-CH=N- < RNH2 < R2NH.
Molybdenum carbonyl complexes thermally decompose in three steps.58,66-68 Taher67
synthesized and characterized Mo2O6(HMP2) from molybdenum hexacarbonyl. The
thermal decomposition of Mo2O6(HMP2) showed three decomposition steps. The first step
was at 217-347°C with the elimination of one of the HMP moieites and O2. The second
step was at 347-487°C with the elimination of the other HMP moiety and O2. The third
step was at 487-627°C with the elimination of NO, to give MoO.
Mohamed68 synthesized and characterized [(LH2)O2Mo(µ-O)2MoO2(LH2)] where L is
maleic hydrazide. The thermal decomposition started with the elimination of H2O at 40199°C, then the material decomposition of C4H2N4O at 204-727°C, then finally the
material decomposition of Mo2O6 at 730-852°C. After decomposition of the molybdenum
carbonyl complexes, the remaining material is molybdenum oxide.
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4.2. Mechanisms
Scheme 11 shows the formation of the molybdenum complexes. The nitrogen ligands
undergo a ligand substitution reaction with the carbonyls. The ligands used are
ethylenediamine, diethylenetriamine, and triethylamine. The increase of denticity of the
ligands should have an impact on the increased stability of the complex due to the chelate
effect.

(a)

(b)

(c)

Scheme 11. Reactions of molybdenum hexacarbonyl with ethylenediamine (a),
diethylenetriamine(b), and triethylamine(c).

4.3. Synthetic Methods
All methods used flame-dried glassware and inert atmosphere preparation. Toluene was
dried with 4Å molecular sieves and sparged with nitrogen before use.
A 100mL round bottom flask was filled halfway with dry toluene. Ethylenediamine (0.683
g, 11.363 mmol) was added to the flask, then molybdenum hexacarbonyl (1 g, 3.787 mmol)
was added. The reaction flask was attached to a reflux condenser and slowly brought to
reflux for 24 hours to avoid sublimation of molybdenum hexacarbonyl on the condenser.
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After 24 hours, the reaction cooled to room temperature and solids were washed with an
excess of toluene, acetone, ether, then water, and finally with chloroform. The yellow
solids were vacuum dried at room temperature in a desiccator overnight. The remaining
solids were in the toluene/acetone/ether wash so the wash was recrystallized with water
and recrystallized solids were filtered. The solids were stored in a scintillation vial in the
freezer.
A nonpolar solvent was used because molybdenum hexacarbonyl and the ligands are
nonpolar. Once the reaction proceeds, the product is polar and precipitates out of solution.
The same procedure was followed for diethylenetriamine (1.172 g, 11.361 mmol) and
triethylamine (3.17 g, 22.72 mmol) in place of ethylenediamine. Diethylenetriamine
molybdenum complex afforded a bright yellow solid. Triethylamine-molybdenum
complex afforded an orange solid. All complexes were stored in a scintillation vial in the
freezer. The complexes are thermally sensitive so freezer storage was best.
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4.4. Results and Discussion
The 1H NMR and FTIR data of en-Mo(CO)4, dien-Mo(CO)3, and NEt3-Mo(CO)5 are shown
in Tables 12, 13, and 14.

4.4.1. Ethylenediamine-Molybdenum MOD Complex
FTIR spectra of molybdenum hexacarbonyl, ethylenediamine, and the complex are in
Appendix A pages 110, 103, and 111 respectively.
Table 12. Physical data and comparison of molybdenum hexacarbonyl and the complex.

Yield, %
Color

Mo(CO)6
n/a
White solid

Melting Point,
°C

146

Assignment

Mo(CO)6

C-H
N-H

Spectral Data
Ethylenediamine
1
H NMR (ppm)
2.7
FTIR (cm-1)
3356, 3277 s, δ
1593 m, ν
1095, 1051 m, ν
2918, 2848 m, ν
1354 m, δ

N-H
C-N
C-H
C≡O

Physical Data
Ethylenediamine
n/a
Clear, colorless
liquid
n/a

2980 s, ν
1886 s, ν

Mo-N
s=strong, m=medium, w=weak; ν=stretching, δ=bending.

Mo(CO)4(ethylenediamine)
50.3
Bright yellow solid
230, decomposed

Mo(CO)4(ethylenediamine)
2.39
3.78
3363, 3305 s, δ
1585 m, ν
1024, 1010 m, ν
2941, 2850 m, ν
1319 m, δ
2019 s, ν
1878 s, ν
1732 s, ν
420 m, ν

The melting point significantly increases from 140°C to 230°C when the complex was
formed. The addition of ethylenediamine increases the stability of the complex which leads
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to an increase in energy for decomposition. The complex melting point also shows that
decomposition to molybdenum metal at temperatures below 200°C is not feasible.
Amine signals in the 1H spectra would be shifted downfield as a result69 of complexation
to molybdenum, as seen in the shift to 3.78 ppm. The addition of the amine group would
see a shift to lower frequencies in FTIR of the carbonyl groups due to the NH-OC hydrogen
bonding61 as well as the participation of nitrogen in the coordination to the metal.59 The
coordination of the complex is shown by the carbonyl peaks present in the complex at 2019
cm-1, 1878 cm-1, and 1732 cm-1. If the complex was formed, then the appearance of the
Mo-N IR transition would be seen. The Mo-N stretching peak59 is observed at 420 cm-1.
The Evans method was attempted using t-BuOH in DMSO. If the CH3 protons of t-BuOH
were not shifted or were shifted upfield, the complex is diamagnetic. If the CH3 protons
were shifted downfield, the complex is paramagnetic. No change of the t-BuOH CH3
protons was seen which indicates a diamagnetic complex. An internal Evans method could
be used by looking at the shifts of the ligand protons during a 1H NMR. The CH3 protons
on ethylenediamine are shifted upfield which is indicative of a diamagnetic complex.

4.4.1.1. Ethylenediamine-Molybdenum MOD Complex Thermal
Decomposition Analysis
The sample was heated to 700°C at a rate of 5°C/min. At 700°C, the mass loss was 58%.
The complex left in the pan was a white and pale purple powder. The white and pale purple
powder shows a mixed oxidation state of molybdenum; Mo3+ is purple and Mo2+, Mo+ is
white.
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Figure 9. TGA of ethylenediamine-molybdenum complex. The blue line is % Weight.
The orange line is the Derivative Weight Change (%/°C).
The decomposition pathway is similar to what Ali58, Soliman66, Taher67, and Mohamed68
reported. The first decomposition step is from 20-175°C and the loss corresponds to two
carbonyl groups. The second decomposition step is from 175-250°C and the loss
corresponds to one carbonyl group. The third decomposition step is from 250-340°C and
the loss corresponds the remaining carbonyl group. The fourth decomposition step is from
340-430°C and the loss corresponds to ethylenediamine. The final decomposition step is
from 430-700°C and this step could be the gain of ½O2. The final mass is equivalent to
MoO. The decomposition pathway is shown in Scheme 12.

Scheme 12. Ethylenediamine-molybdenumtetracarbonyl decomposition pathway.
The decomposition temperature is in the range of chemical vapor deposition (CVD)
temperatures. Mikhailov70 used CVD for molybdenum deposition on a diamond film and
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the temperature used was from 500-800°C which is consistent to the decomposition
temperatures shown in Figure 9.

4.4.1.2. Ethylenediamine-Molybdenum MOD Complex Discussion
The complex is tetracarbonylethylenediaminemolybdenum(0). The FTIR of the complex
matches literature values found in Kromer.62
Ethylenediamine reacted with molybdenum hexacarbonyl to afford a yellow solid. The
FTIR shows complexation with the Mo-N peak at 420 cm-1. The TGA shows a
decomposition to molybdenum oxide at 700°C which is consistent with CVD temperatures.
The solids after decomposition had a final mass equivalent to MoO.
Molybdenum hexacarbonyl is a soft acid and ethylenediamine is a soft base. Soft-soft
interactions are more likely to happen. Ethylenediamine is a bidentate ligand which should
increase the stability of the complex due to the chelate effect.
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4.4.2. Diethylenetriamine-Molybdenum MOD Complex
FTIR spectra of molybdenum hexacarbonyl, diethylenetriamine, and the complex are in
Appendix A pages 110, 104, and 112 respectively.
Table 13. 1H NMR and FTIR assignments of Mo(CO)6, dien, and Mo(CO)3(dien).

Yield, %
Color
Melting Point, °C
Assignment
C-H
C-H
N-H

N-H
C-N
C-H

Physical Data
Mo(CO)6
Diethylenetriamine
n/a
n/a
White solid
Clear, colorless
liquid
146
n/a
Spectral Data
Mo(CO)6
Diethylenetriamine
1
H NMR (ppm)
2.749
2.617
1.341
FTIR (cm-1)
3352-3278 m, ν
1595 m, δ
1128-1035 m, ν
2924-2812 m , ν
1456-1301 m, δ

C≡O

2980 s, ν
1886 s, ν
s=strong, m=medium, w=weak; ν=stretching, δ=bending.

Mo(CO)3(dien)
78.8
Bright yellow solid
230, decomposed
Mo(CO)3(dien)
2.650
2.559
5.233
3.722
2.316-2.275
3342-3277 m, ν
1699-1600 m, δ
1165-995 m, ν
1377-1263 m, δ
1886 s, ν

The melting point significantly increases from 146°C to 230°C when the complex was
formed. The addition of diethylenetriamine increases the complex stability which increases
the energy required for complex decomposition. The complex melting point also shows
that decomposition to molybdenum metal at temperatures below 200°C is not feasible.
Amine signals in the 1H spectra would be shifted downfield as a result69 of complexation
to molybdenum, which is seen in the shift of the N-H peak to 3.722 ppm. The FTIR of

54

hexacarbonylmolybdenum(0) has carbonyl stretches at 2980 cm-1 and 1886 cm-1. The
addition of the amine group would see a shift to lower frequencies in FTIR of the carbonyl
groups due to the NH-OC hydrogen bonding.61 The participation of nitrogen in the
coordination of the metal59 also causes the shift to lower frequencies. The carbonyl peaks
are present in the complex at 1886 cm-1.
The Evans method was attempted. The CH3 protons on ethylenediamine are shifted upfield
which indicates that the complex is diamagnetic.

4.4.2.1. Diethylenetriamine-Molybdenum MOD Complex Thermal
Decomposition Analysis
The sample was heated to 1000°C at a rate of 5°C/min. At 800°C, the sample decomposed
to molybdenum then from 800°C-1000°C the sample gained mass. The sample oxidized at
temperatures above 800°C. The decomposition pathway is shown in Scheme 13.

Figure 10. TGA of diethylenetriamine-molybdenum complex. The blue line is % Weight.
The orange line is the Derivative Weight Change (%/°C).
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The decomposition pathway is similar to what Ali58, Soliman66, Taher67, and Mohamed68
reported. The first decomposition step is from 20-300°C and it corresponds to the loss of
one carbonyl group. The second decomposition step is from 300-450°C and it corresponds
to the loss of diethylenetriamine. The third decomposition step is from 450-800°C and it
corresponds to the loss of two carbonyl groups. The mass at 800°C is equivalent to metallic
molybdenum. The fourth step is from 800-1000°C and it corresponds to the gain of ½O2.
The powder remaining in the pan was a pale purple powder which is the same color as
MoO3. However, the final mass does not correspond to MoO3, but it is equivalent to MoO.

(a)

(b)
Scheme 13. Diethylenetriamine-molybdenumtricarbonyl decomposition pathways.
The decomposition temperature is consistent70 with CVD temperatures.

4.4.2.2. Diethylenetriamine-Molybdenum MOD Complex Discussion
The suggested complex is tricarbonyldiethylenetriaminemolybdenum(0). The NMR of the
complex is similar to literature values found in Kromer.62
Diethylenetriamine reacted with molybdenum hexacarbonyl to afford a yellow solid. The
FTIR shows complexation with the Mo-N peak at 420 cm-1. The TGA shows a
decomposition to molybdenum oxide at 800°C which is consistent with CVD temperatures.
The solids after decomposition had a final mass equivalent to MoO however the FTIR of
the solids were similar to MoO3.

56

Molybdenum hexacarbonyl is a soft acid and diethylenetriamine is a softer base than
ethylenediamine. Soft-soft acid-base interactions are more likely to happen.
Diethylenetriamine is a tridentate ligand which should increase the stability of the complex
due to the chelate effect.

4.4.3. Triethylamine-Molybdenum MOD Complex
FTIR spectra of molybdenum hexacarbonyl, triethylamine, and the complex are in
Appendix A pages 110, 105, and 113 respectively.
Table 14. 1H NMR and FTIR assignments of Mo(CO)6, NEt3, and Mo(CO)5(NEt3).

Yield, %
Color

Mo(CO)6
n/a
White solid

Melting Point, °C

146

Assignment

Mo(CO)6

C-H (terminal)
C-H (internal)
C-H
C-N
C≡O

Physical Data
Triethylamine
n/a
Clear, colorless
liquid
n/a
Spectral Data
Triethylamine
1
H NMR (ppm)
0.93
2.43
FTIR (cm-1)
2968-2795 m, ν
1465-1381 m, δ
1203 m, ν

Mo(CO)5(NEt3)
8.9
Orange solid
180, decomposed
Mo(CO)5(NEt3)
1.13
3.02
2983-2493 m, ν
1471-1394 m, δ

2980 s, ν
1886 s, ν

2983 s, ν

Mo-N
s=strong, m=medium, w=weak; ν=stretching, δ=bending.

476 m, ν

The melting point of the complex increases from 146°C to 180°C. The complex has an
increase in stability with the addition of triethylamine. The complex melting point shows
that decomposition to molybdenum metal at temperatures below 200°C may be possible.
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The coordination of the compound is shown by a minor downfield shift of the C-H protons
to 1.13 ppm and 3.02 ppm. The complex has a carbonyl peak at 2983 cm-1. If the
complexation of triethylamine to molybdenum was observed, a Mo-N IR transition would
be seen59. The Mo-N stretching peak is observed at 476 cm-1.

4.4.3.1. Triethylamine-Molybdenum MOD Complex Thermal
Decomposition Analysis
The sample was heated to 1000°C at a rate of 5°C/min. At 1000°C the sample decomposed
to molybdenum. After decomposition, the solids were a metallic gray. The decomposition
pathway is shown in Scheme 14.

Figure 11. TGA of triethylamine-molybdenum complex. The blue line is % Weight. The
orange line is the Derivative Weight Change (%/°C).
The decomposition pathway is similar to what Ali58, Soliman66, Taher67, and Mohamed68
reported. The first decomposition step is from 20-280°C and the loss corresponds to two
carbonyl groups. The second decomposition step is from 280-500°C and the loss
corresponds to two carbonyl groups. The third decomposition step is from 500-1000°C and
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the loss corresponds to the remaining carbonyl group and triethylamine. The final mass at
1000°C is equivalent to molybdenum.

Scheme 14. Triethylamine-molybdenumpentacarbonyl decomposition pathway.
The decomposition temperature is consistent70 with CVD temperatures.
All three of the molybdenum complexes have similar decomposition temperatures. The
decomposition temperature to molybdenum or molybdenum oxide is above 500°C with
similar decomposition pathways. The decomposition pathway is suggested to be the loss
of carbonyl, then the loss of the ligand, and the loss of any remaining carbonyls. The
ethylenediamine and diethylenetriamine complexes also have the oxidation of
molybdenum as a final step.

4.4.3.2. Triethylamine-Molybdenum MOD Complex Discussion
The suggested complex is pentacarbonyltriethylaminemolybdenum(0).
Triethylamine reacted with molybdenum hexacarbonyl to afford a yellow solid. The FTIR
shows complexation with the Mo-N peak at 420 cm-1. Interestingly, the TGA shows a
decomposition to molybdenum 1000°C which is consistent with CVD temperatures. Thus
far, triethylamine-tungsten is the only complex that decomposed to molybdenum.
Molybdenum hexacarbonyl is a soft acid and triethylamine is a slightly harder base than
ethylenediamine. Soft-soft interactions are more likely to happen. Triethylamine is a
monodentate ligand which should not increase the stability of the complex.
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4.5. Furnace Oven Carbonyl Analysis
The TGA analysis showed a consistent starting decomposition at temperatures above
100°C with the assumption that the carbonyls were still bound to molybdenum. The three
solids were put in the furnace oven and heated to 200°C at a rate of 5°C/min with a dwell
time of 6 hours and cooled overnight. After heating, all three molybdenum complexes were
a black powder. The FTIR of ethylenediamine-molybdenum showed amine peaks still
present and a weak carbonyl stretching vibration peak. The FTIR of diethylenetriaminemolybdenum shows very weak amine and carbonyl peaks. A Mo-N peak is present around
400 cm-1. The FTIR of triethylamine-molybdeum shows a weak alkane and carbonyl peak.
There is also possible oxide formation with Mo-O peaks at 960 cm-1 and 570 cm-1.
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Chapter 5 – Tungsten MOD
5.1. Literature Methods
Tungsten hexacarbonyl undergoes a ligand substitution where one or two of the carbonyl
were displaced by the substituting ligand.57 The magnitude of the carbonyls substituted
depended on the amount of ligand added. The FTIR of tungsten hexacarbonyl has one
strong stretching carbonyl band at around 2000 cm-1. After ligand substitution, the carbonyl
peak shifts to lower frequencies due to the ability of the ligand accepting electron back
donation from the metal. However, the shifts are smaller in magnitude compared to
molybdenum because of the larger size of tungsten.57
Ethylenediamine-tungsten complexes have a NWN bending vibration71 around 220 cm-1
from the deformation of the W-en chelate ring and a WN stretching vibration around 400
cm-1.
Tungsten hexacarbonyl complexes are synthesized similarly to molybdenum hexacarbonyl
except for much longer reaction times.61,63-65
Microwave radiation is a rapid method of synthesis as the method decreases reaction time,
improves yield, and simplifies procedures.64 Microwave radiation uses a reflux setup built
into a commercial microwave oven.64 Tungsten hexacarbonyl and an excess of
ethylenediamine in diglyme was microwaved for 15 minutes at 150°C to afford a yellow
precipitate at 75% yield. The improved yield is because of the closed system so the starting
material is washed back into the reaction mixture.64
Reflux reactions are the most common synthetic method for reaction of tungsten
hexacarbonyl and nitrogen ligands.63 The complexes synthesized are consistent with a
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W(CO)4 group with a bidentate ligand. Tungsten hexacarbonyl and a diamine were heated
at reflux for seven hours. After cooling to room temperature, the complex was concentrated
under reduced pressure and washed with cold hexanes to afford a yellow powder.63 The
binding strength of the amines toward Group 6 metal carbonyls were found to be
R-CH=N- < RNH2 < R2NH63.
Tungsten carbonyl complexes thermally decompose in three steps.58,66-68 Ali58 synthesized
and

characterized

tungsten

tetracarbonyl-2-[2-(methylaminoethyl)]

pyridine

[W(CO)4(maepy)]. Ali58 saw the first decomposition peak of W(CO)4(maepy) at 100300°C as the loss of two carbonyl groups, the second and third peaks over a range at 200500°C as the remaining carbonyl groups and ligand decomposing with metallic tungsten
as the final solid. Taher67 synthesized and characterized tungsten oxide-(2hydroxymethylpyridine) [W2O6(HMP)2]. Taher saw the first decomposition peak of
W2O6(HMP)2 at 200-380°C as the loss of the amine ligands, the second decomposition
peak at 380-530°C as the loss of the carbonyl groups and the final peak at 530-730°C is
the formation of the metal oxide. After decomposition of the tungsten carbonyl complexes,
the remaining material is tungsten oxide.58,66-68
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5.2. Mechanisms
Scheme 15 shows the formation of the tungsten complexes. The nitrogen ligands undergo
a ligand substitution reaction with the carbonyls. The ligands used are ethylenediamine,
diethylenetriamine, and triethylamine. The increase of denticitiy of the ligands should have
an impact on the stability of the complex due to the chelate effect.

(a)

(b)

(c)

Scheme 15. Reactions of tungsten hexacarbonyl with ethylenediamine (a),
diethylenetriamine(b), and triethylamine(c).

5.3. Synthetic Methods
All methods used flame-dried glassware and inert atmosphere preparation. Toluene was
dried with 4Å molecular sieves and sparged with nitrogen before use.
A 100mL round bottom flask was filled halfway with dry toluene. Ethylenediamine (2.5 g,
42.625 mmol) was added to the flask, then tungsten hexacarbonyl (1 g, 2.8417 mmol) was
added. The reaction flask was attached to a reflux condenser, purged with nitrogen, and
slowly brought to reflux for 48 hours to avoid sublimation of tungsten hexacarbonyl on the
condenser. After 48 hours the reaction cooled to room temperature and the yellow solids
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were washed with an excess of toluene, acetone, water, and chloroform. The solids were
transferred to a scintillation vial and left to dry at room temperature. The solids from the
water wash was recrystallized with toluene. The recrystallized solids were yellow.
The same procedure was followed for diethylenetriamine (4.397 g, 42.625 mmol) and
triethylamine (4.31 g, 42.625 mmol) in place of ethylenediamine. Diethylenetriamine
tungsten complex afforded a yellow solid. Triethylamine tungsten complex afforded
yellow, needlelike crystals. All complexes were stored in a scintillation vial in the freezer.
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5.4. Results and Discussion
The FTIR data of en-Mo(CO)4, dien-Mo(CO)3, and NEt3-Mo(CO)5 are shown in Tables
15, 16, and 17.

5.4.1. Ethylenediamine-Tungsten MOD Complex
FTIR spectra of tungsten hexacarbonyl, ethylenediamine, and the complex are in Appendix
A pages 114, 103, and 115 respectively.
Table 15. Physical data and comparison of W(CO)6, en, and W(CO)4(en).

Yield, %
Color

W(CO)6
N/A
White

Melting Point, °C

166

Assignment

W(CO)6

N-H
C-N
C-H
C≡O

Physical Data
Ethylenediamine
N/A
Clear, colorless
liquid
N/A
Spectral Data
Ethylenediamine
FTIR (cm-1)
3356, 3277 s, ν
1593 m, ν
1095, 1051 m, ν
2918, 2848 m, ν
1354 m, δ

1980 s, ν
721 s, ν

W-N
s=strong, m=medium, w=weak; ν=stretching, δ=bending.

W(CO)4(en)
44
Yellow solid
160, decomposed
W(CO)4(en)
3199, 3122 s, ν
1618 m, ν

1869 s, ν
721 s, ν
406 m, ν

The melting point slightly decreased from 166°C to 160°C, indicating that the addition of
ethylenediamine decreases the complex stability which decreases the melting point. The
complex melting point shows that decomposition to tungsten metal at temperatures below
200°C may be possible.
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The addition of the amine group would see a shift to lower frequencies in the FTIR of the
carbonyl groups due to the NH-OC hydrogen bonding.61 The carbonyl peaks are shifted
from 1980 cm-1 to 1869 cm-1. If the complex was formed, the appearance of the W-N IR
transition59,71 would be seen at around 410 cm-1. The W-N stretching peak was observed at
406 cm-1 as shown in Table 15.
No suitable solvent for NMR was found. Ethylenediamine-tungsten is insoluble in most
organic solvents61 but slightly soluble in alcohol and nitromethane. The possible reason of
insolubility is from the increase of intermolecular interactions due to NH-OC hydrogen
bonding.
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5.4.1.1. Ethylenediamine-Tungsten MOD Complex Thermal Decomposition
Analysis
The sample was heated to 1000°C at a rate of 5°C/min under nitrogen. After
decomposition, the solids were a black powder. The decomposition pathway is shown in
Scheme 16.

Figure 12. TGA of ethylenediamine-tungsten complex. The blue line is the % Weight.
The orange line is the Derivative Weight Change (%/°C).
The decomposition pathway is similar to what Ali58 and Taher67 reported. The first
decomposition step is from 20-240°C. The loss corresponds to one carbonyl group. The
second decomposition step is from 240-330°C and it also corresponds to the loss of a
carbonyl group. The third decomposition step is from 330-570°C and it corresponds to the
loss of ethylenediamine. The final decomposition step from 570-1000°C could correspond
to the loss of the remaining carbonyl group and the oxidation of tungsten. The remaining
mass is equivalent to tungsten oxide which is consistent with what Ali58 and Taher67
reported.
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The final mass at 1000°C is equivalent to the mass of tungsten oxide. The solids remaining
were a black powder and an FTIR confirmed the solid was tungsten(VI) oxide.

Scheme 16. Ethyenediamine-tungstentetracarbonyl decomposition pathway.
The decomposition temperature of the tungsten complex is consistent with the temperature
ranges used in CVD.72 Magnusson72 used tungsten hexacarbonyl for nanoparticle films.
The temperature range used was from 700-1000°C.

5.4.1.2. Ethylenediamine-Tungsten MOD Complex Discussion
The suggested complex is tetracarbonylethylenediaminetungsten(0). The FTIR of the
complex matches literature values found in Zalis et al.71
Ethylenediamine reacted with tungsten hexacarbonyl to afford a yellow solid. The FTIR
shows complexation with the W-N peak at 406 cm-1. The TGA shows a decomposition to
tungsten oxide at 1000°C which is consistent with CVD temperatures. The final mass of
the solids at 1000°C corresponds to tungsten oxide and the FTIR matches tungsten oxide.
Tungsten hexacarbonyl is a softer acid than molybdenum hexacarbonyl and
ethylenediamine is a soft base. Soft-soft interactions are more likely to happen.
Ethylenediamine is a bidentate ligand which should increase the stability of the complex
due to the chelate effect. The stability of the complex is shown in the TGA with the increase
in decomposition temperature from 700°C with ethylenediamine-molybdenum to 1000°C
for ethylenediamine-tungsten.
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5.4.2. Diethylenetriamine-Tungsten MOD Complex
FTIR spectra of tungsten hexacarbonyl, diethylenetriamine, and the complex are in
Appendix A pages 114, 104, and 116 respectively.
Table 16. Physical and spectral data of W(CO)6, dien, and W(CO)3(dien).

Yield, %
Color

W(CO)6
N/A
White solid

Melting Point, °C

166

Assignment

W(CO)6

N-H
C-N
C-H
C≡O

Physical Data
Diethylenetriamine
N/A
Clear, colorless
liquid
N/A
Spectral Data
Diethylenetriamine
FTIR (cm-1)
3352-3278 m, ν
1595 m, δ
1128-1035 m, ν
2924-2812 m , ν
1456-1301 m, δ

1980 s, ν
721 s, ν

W(CO)3(dien)
38
Yellow solid
220, decomposed
W(CO)3(dien)
3332-3269 m, ν
1566 m, δ
1168-1103 m, ν
1473-1446 m, δ
1874 s, ν

W-N
s=strong, m=medium, w=weak; ν=stretching, δ=bending.

412 m, ν

The melting point significantly increases from 166°C to 220°C, indicating that the carbonyl
substitution to diethylenetriamine increased the stability of the complex. The increase in
stability is from the chelate effect. Diethylene trimaine is a tridentate ligand which can
coordinate to three sites. Carbonyl is a monodentate ligand which can coordinate to one
site. The tridentate ligand can increase the stability of the compound. The melting point of
the complex shows that decomposition to tungsten metal at temperatures below 200°C is
not feasible.
The addition of the amine group would see a shift to lower frequencies in the FTIR of the
carbonyl groups due to the NH-OC hydrogen bonding.61 The carbonyl groups are shifted
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from 1980 cm-1 to 1874 cm-1 as seen in Table 16. If the complex was formed, a W-N IR
stretching transition59,71 would appear at around 400 cm-1. As seen in Table 16, there was
a W-N stretching peak at 412 cm-1.
No suitable solvent for NMR was found. Diethylenetriamine-tungsten compounds are
known to be insoluble in most common organic solvents.73 A possible reason61 for
insolubility is the intermolecular interactions with NH-OC hydrogen bonding.

5.4.2.1. Diethylenetriamine-Tungsten MOD Complex Thermal
Decomposition Analysis
The sample was heated to 1000°C at a rate of 5°C/min under nitrogen. After
decomposition, the solids were a bright green powder. The decomposition pathway is
shown in Scheme 17.

Figure 13. TGA of diethylenetriamine-tungsten complex. The blue line is the % Weight.
The orange line is the Derivative Weight Change (%/°C).
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The decomposition pathway is similar to what Ali58 and Taher67 reported. The first
decomposition step from 20-250°C corresponds to the loss of a carbonyl group. The second
decomposition step from 250-400°C corresponds to the loss of diethylenetriamine. The
third decomposition step from 400-800°C corresponds to the loss of the remaining carbonyl
groups and oxidation of tungsten. The final mass at 1000°C is equivalent to tungsten oxide.
After decomposition, the solids were a bright green powder and an FTIR of the solids
confirmed the solid was tungsten(VI) oxide.

Scheme 17. Diethylenetriamine-tungstentricarbonyl decomposition pathway.
The decomposition temperature is consistent with CVD temperatures.72

5.4.2.2. Diethylenetriamine-Tungsten MOD Complex Discussion
The suggested complex is tricarbonyldiethylenetriaminetungsten(0). The FTIR has similar
values compared to the literature value found in Zalis et al.71
Diethylenetriamine reacted with tungsten hexacarbonyl to afford a yellow solid. The FTIR
shows complexation with the W-N peak at 412 cm-1. The TGA shows a decomposition to
tungsten oxide at 1000°C which is consistent with CVD temperatures. The final mass of
the solids at 1000°C corresponds to tungsten oxide and the FTIR confirms tungsten oxide
peaks.
Tungsten hexacarbonyl is a softer acid than molybdenum hexacarbonyl and
diethylenetriamine is a softer base than ethylene diamine. Soft-soft interactions are more
likely to happen. Diethylenetriamine is a tridentate ligand which should increase the
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stability of the complex due to the chelate effect. The stability of the complex is shown in
the TGA with the increase in decomposition temperature from 800°C diethylenetriaminemolybdenum to 1000°C for diethylenetriamine-tungsten.

5.4.3. Triethylamine-Tungsten MOD Complex
FTIR spectra of tungsten hexacarbonyl, triethylamine, and the complex are in Appendix A
pages 114, 105, and 117 respectively.
Table 17. Physical and spectral data of W(CO)6, NET3, and W(CO)5(NEt3).

Yield, %
Color

W(CO)6
N/A
White solid

Melting Point, °C

166

Assignment

W(CO)6

C-H
C-N
C≡O

Physical Data
Triethylamine
N/A
Clear, colorless
liquid
N/A
Spectral Data
Triethylamine
FTIR (cm-1)
2968-2795 m, ν
1465-1381 m, δ
1203 m, ν

1980 s, ν
1377 s, ν

W-N
s=strong, m=medium, w=weak; ν=stretching, δ=bending.

W(CO)5(NEt3)
42
Yellow, needlelike
crystals
106, decomposed
W(CO)5(NEt3)
2962 m, ν
1257 s, ν
1882 s, ν
360 w, ν

The melting point decreased significantly from 166°C to 106°C. The decrease in melting
point indicates that the compound is unstable compared to tungsten hexacarbonyl. A mixed
melting point was taken with tungsten hexacarbonyl and the complex. The melting point
of the mixed sample had a melting point depression to 130°C which indicates that the
complex is not tungsten hexacarbonyl. The complex melting point also shows that
decomposition to tungsten metal at temperatures below 200°C may be possible.
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The addition of the amine group would see a shift to lower frequencies in the FTIR of the
carbonyl groups due to the NH-OC hydrogen bonding.61 The carbonyl peak is shifted from
1980 cm-1 to 1882 cm-1 as seen in Table 17. If the complex was formed, a W-N IR stretching
transition59,71 would appear at around 400 cm-1. As seen in Table 17, there is a W-N
stretching peak at 360 cm-1.
No suitable solvent for NMR was found which is consistent with the other tungsten
complexes.

5.4.3.1. Triethylamine-Tungsten MOD Complex Thermal Decomposition
Analysis
The sample was heated to 1000°C at a rate of 5°C/min under nitrogen. After
decomposition, very little solids remained.

Figure 14. TGA of triethylamine-tungsten complex. The blue line is the % Weight. The
orange line is the Derivative Weight Change (%/°C).
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The sample decomposed at 110°C and remained at a constant mass until 400°C, then mass
loss occurred until 500°C and remained constant until 1000°C. The mass loss at 100°C was
93.67% which does not correspond to any possible decomposition product. The mass loss
at 1000°C was 97.98%. The complex may have sublimed at 110°C instead of decomposing.
A second TGA was run to 200°C. The complex sublimed at the same temperature with the
same mass loss (93%) as the first run. The solids left were a green-gray color and an FTIR
was taken. The FTIR showed triethylamine peaks present as well as a C-W-C bond
vibration and a W-N bond vibration at 376 cm-1. The remaining mass does not match any
possible tungsten decomposition product except for CO only, which is not possible as there
are triethylamine peaks present in the FTIR.
The ethylenediamine-tungsten and diethylenetriamine-tungsten TGAs were similar in
decomposition temperature and pathway. The solids at 1000°C were tungsten oxide. The
suggested decomposition pathway is the loss of carbonyl, then the loss of the remaining
carbonyls, and the loss of the ligand. The triethylamine-tungsten TGA is different than the
other two in that the solids sublimed at 110°C. The mass at the end matches carbonyl but
the FTIR of the solids show triethylamine peaks present.

5.4.4.2. Triethylamine-Tungsten MOD Complex Discussion
The suggested complex is pentacarbonyltriethyleneaminetungsten(0). The FTIR values are
similar to literature values found in Zalis et al.71 The complex does not have a full
confirmation as the only data suggesting complexation is the FTIR and TGA as well as a
lack of literature with spectral information.
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Triethylamine reacted with tungsten hexacarbonyl to afford yellow crystals. The FTIR
shows complexation with the W-N peak at 360 cm-1. The TGA shows sublimation of the
complex at 110°C with the remaining mass as carbonyl. The final mass does not match
what the decomposed solids show which are triethylamine peaks.
Tungsten hexacarbonyl is a softer acid than molybdenum hexacarbonyl and triethylamine
is a slightly harder base than ethylenediamine. Soft-soft interactions are more likely to
happen. Triethylamine is a monodentate ligand which should not increase the stability of
the complex due to the chelate effect. The TGA is not similar to triethylamine-molybdenum
where the final mass matched molybdenum at 1000°C.

5.4.5. Furnace Oven Carbonyl Analysis
The TGA analysis showed a consistent decomposition starting temperature at around 50150°C with the assumption that the carbonyls were still bound to tungsten. The three solids
were put in the furnace oven and heated to 200°C at a rate of 5°C/min with a dwell time of
6 hours and cooled overnight. After heating, ethylenediamine-tungsten was a beige
powder, diethylenetriamine-tungsten was a dark brown powder, and triethylaminetungsten was a dark brown powder with some metallic flakes. The FTIR analysis of the
ethylenediamine-tungsten powder showed an N-H bond vibration and a C-W-C bond
vibration, indicating that ethylenediamine and carbonyl were still bound to tungsten. The
FTIR analysis of diethylenetriamine-tungsten showed very weak N-H bond vibrations and
a C-W-C bond vibration indicating that diethylenetriamine and carbonyl were still bound
to tungsten. The FTIR analysis of triethylamine-tungsten showed a C-H bond vibration, a
C-O bond vibration, C-N bond vibration, and a C-W-C bond vibration still present. The C-
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O, C-N, and C-W-C peak indicates that triethylamine and carbonyl are still present in the
complex.

5.4.6. Raman Analysis
An ink was made with formic acid with the three complexes. A few drops of the ink were
pipetted to a glass slide on a hot plate at 150°C. Triethylamine-tungsten decomposed to a
gray

solid.

Ethylenediamine-tungsten

decomposed

to

a

yellow

film

and

diethylenetriamine-tungsten decomposed to a blue-green film. A Raman was taken of the
three films. The Raman of the three films are shown in Table 18. The Raman spectra of the
en-W, dien-W, and NEt3-W films are found in Appendix A pages 129, 130, and 131
respectively.
Table 18. Raman spectra of the three tungsten complex films.
Assignment (cm-1)
En-W film
Dien-W film
W-O-W
810 s, ν
810 s, ν
O-W-O
245 s, δ
264 s, δ
W-W
112, 72
138, 81
s=strong, m=medium, w=weak; ν=stretching, δ=bending.

NEt3-W film
807 s, ν
264 s, δ
141, 84

The Raman of all three films showed an unexpected W-W bond at 132 cm-1 and 87 cm-1 as
shown in Table 18. The films also show a tungsten-oxygen bond indicating that an oxide
was formed upon heating. The W-W bond suggests that a tungsten dimer was formed upon
heating. The peaks match those found in Velvarska.74
A Raman was taken of all three tungsten complex solids. During the Raman, the solid
reacted with the laser and had a bright gray spot that was surrounded by a blue-black ring.
All three complexes showed W-O-W, O-W-O, and W-W peaks. Therefore, it is difficult to
determine if any of the solid complexes had a W-O or a W-W bond before the Raman.
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Tungsten-oxygen-tungsten bonds form readily in air and in inert atmosphere.58,66-68
Complete exclusion of oxygen was not possible in inert atmosphere.66 The formation of
the W-O-W complex58, 66 is in Scheme 18.

Scheme 18. Formation of W-O-W complex.
Some complexes have two carbonyl groups and two terminal oxo groups rather than four
terminal oxo groups.58
Tungsten-tungsten bonds are synthesized similarly to the methods above.75-77 The ligands
can act either as a bridging ligand or a terminal ligand. An example of a W-W quadruple
bond containing bridging ligands75,76 is W2(mhp)4 where mhp is the anion of 2-hydroxy-6methylpyridine.76 An example of a W-W triple bond78 containing terminal ligands is
W2Me2(NEt2)4.
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Chapter 6 – Correlation to Hard-Soft Acid-Base Theory
Pearson34 classified polarizable acids and bases are soft and non-polarizable acids and
bases are hard. Soft-soft interactions are stable because of covalent bonding character.
Hard-hard interactions are stable because of ionic bonding character. A soft-soft interaction
is preferred compared to a hard-soft interaction.
Hard-soft acid-base theory is used to predict molecular interactions. Specifically,
interactions focused on the metals and ligands used in this work. The orbital energy
diagrams also predict where the electrons in the adduct will be localized. All orbital energy
diagrams use data found in literature.

6.1. Silver MOD Complex
Silver ion is a soft acid. Diethylenetriamine and ethylenediamine are borderline bases and
triethylamine is a hard base. Silver ion is an acid because its χ is lower than any of the
amine χ values.
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Figure 15. Orbital energy diagram of silver ion, diethylenetriamine, ethylenediamine,
and triethylamine. Energy (eV) is increasing on the y axis. Values taken from Pearson38,
Maqsood41, and Saha.42
When the amine base reacts with the silver ion, the electrons flow from the base (high µ)
to the acid (low µ) until the chemical potentials become equal to form the adduct HOMO.
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Figure 16. Orbital energy diagram of silver ion, ethylenediamine, and silverethylenediamine adduct. Adduct values are arbitrary. Energy (eV) is increasing on the y
axis.
As illustrated in Figure 16, the χ of ethylenediamine is higher than the χ of the silver ion,
so ethylenediamine is the base and silver ion is the acid. When ethylenediamine and silver
react, the electrons flow from the ethylenediamine HOMO to the HOMO of the new
adduct. The reaction between silver oxalate and ethylenediamine formed a silver oxalateamine ligand adduct and is a covalent pair.

6.1.1. Heated Reactions
Figure 16 only shows a covalent adduct with the electron density is closer to the silver ion.
If an ionic pair was formed, then the ethylenediamine χ has to be much higher or the silver
ion χ has to be much lower than what is shown in Figure 16. The electron density is
localized on silver ion which suggests that electron withdraw will increase the chance of
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silver ion being reduced to silver metal and decreases the chance of silver ion being
oxidized to silver oxide.
When ethylenediamine-silver is heated, silver ion is reduced to silver metal. The electron
density of the adduct is more on the silver ion so silver gains the electrons and is reduced
and the ligand is oxidized.
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6.2. Molybdenum MOD Complex
Molybdenum and carbonyl are soft acids. The χ of molybdenum is higher than the χ of
carbonyl as shown in Figure 17. In this case, molybdenum is the base and carbonyl is the
acid. π back-bonding is seen in the adduct. The metal electrons are donated back to the
ligand. Figure 17 illustrates the stronger backbond between Mo-CO with the electron
density localized on the metal. The amine ligands have a χ higher than molybdenum so the
amine ligands are the base and molybdenum is the acid.

Figure 17. Orbital energy diagram of carbonyl, molybdenum, diethylenetriamine,
ethylenediamine, and triethylamine. Energy (eV) is increasing on the y axis. Values taken
from Pearson38, Maqsood41, and Saha.42
When Mo and CO react, Mo acts as the Lewis base and CO acts as the Lewis acid. The
HOMO electrons from Mo flow to the molybdenum-carbonyl adduct as shown in Figure
18. π back-bonding is seen in the adduct. The metal electrons are donated back to the
ligand. Carbonyl is a π acceptor which has the ability to accept the d electrons from
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molybdenum. Carbonyl is also an σ donor, which donates a pair of electrons for an σ bond
to molybdenum. The σ bond is with the HOMO of carbonyl and the LUMO of
molybdenum. The electron density of the σ bond is localized near carbonyl. Figure 18
illustrates the stronger backbond between Mo-CO with the electron density localized on
the metal. Mo-CO π back-bonding increases the stability of the bond.

Figure 18. Orbital energy diagram of molybdenum, carbonyl, and molybdenum-carbonyl
adduct. Adduct values are arbitrary. Energy (eV) is increasing on the y axis.
As shown in Figure 17, diethylenetriamine, ethylenediamine, and triethylamine have a χ
higher than Mo so the ligands act as a Lewis base and Mo acts as the Lewis acid.
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Figure 19. Orbital energy diagram of molybdenum, ethylenediamine, and molybdenumethylenediamine adduct. Adduct values are arbitrary. Energy (eV) is increasing on the y
axis.
Since ethylenediamine has a much higher χ than Mo, there is no π back-bonding between
Mo and ethylenediamine. The bond stability between CO and Mo is much stronger which
makes it difficult to undergo ligand substitution. Under our conditions, only one amine
ligand was able to substitute with CO.

6.2.1. Heated Reactions
Figure 19 shows a covalent adduct with the electron density localized on the ligand. In
order for an ionic pair to form, the ethylenediamine χ has to be much higher or the
molybdenum χ has to be much lower than what is shown in Figure 19. The electron density
is localized on the ligand which suggests that electron withdraw will decrease the chance
of molybdenum being reduced to molybdenum metal and increases the chance of
molybdenum being oxidized to molybdenum oxide.
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When ethylenediamine-molybdenum is heated, molybdenum is oxidized to molybdenum
oxide. The electron density of the adduct is more on the ligand so molybdenum loses the
electrons and is oxidized and the ligand is reduced.
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6.3. Tungsten MOD Complex
Tungsten and carbonyl are soft acids. The χ of tungsten is higher than the χ of carbonyl as
shown in Figure 20. In this case, tungsten is the base and carbonyl is the acid. The amine
ligands have a χ higher than tungsten so the amine ligands are the base and tungsten is the
acid.

Figure 20. Orbital energy diagram of carbonyl, tungsten, diethylenetriamine,
ethylenediamine, and triethylamine. Energy (eV) is increasing on the y axis. Values taken
from Pearson38, Maqsood41, and Saha.42
The orbital energy diagram (Figure 20) is almost identical to molybdenum. Since
molybdenum and tungsten are in Group VI, the orbital energies are similar.
The reaction between tungsten and carbonyl are the same as molybdenum. The HOMO
electrons from tungsten flow to the tungsten-carbonyl adduct as shown in Figure 21. π
back-bonding is seen in the adduct. The metal electrons are donated back to the ligand.
Carbonyl is a π acceptor which has the ability to accept the d electrons from molybdenum.
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Carbonyl is also an σ donor, which donates a pair of electrons for an σ bond to tungsten.
The σ bond is with the HOMO of carbonyl and the LUMO of tungsten. The electron density
of the σ bond is localized near carbonyl. The electron density of W-CO is closer to tungsten.
Tungsten is also participating in π back-bonding with carbonyl which increases the stability
of the metal-ligand bond.

Figure 21. Orbital energy diagram of tungsten, carbonyl, and tungsten-carbonyl adduct.
Adduct values are arbitrary. Energy (eV) is increasing on the y axis.
Ethylenediamine has a higher χ than tungsten so in this case ethylenediamine is the Lewis
base and tungsten is the Lewis acid. The HOMO electrons from ethylenediamine flow to
the W-en adduct as shown in Figure 22. The bond stability of W-CO is much stronger
which makes it difficult to undergo ligand substitution. Under our conditions, only one
amine ligand is able to substitute with CO.
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Figure 22. Orbital energy diagram of tungsten, ethylenediamine, and tungstenethylenediamine adduct. Adduct values are arbitrary. Energy (eV) is increasing on the y
axis.

6.3.1. Heated Reactions
Figure 22 shows a covalent adduct with the electron density localized on the ligand. In
order for an ionic pair to form, the ethylenediamine χ has to be much higher or the tungsten
χ has to be much lower than what is shown in Figure 22. The electron density is localized
on the ligand which suggests that electron withdraw will decrease the chance of tungsten
being reduced to tungsten metal and increases the chance of tungsten being oxidized to
tungsten oxide.
When ethylenediamine-tungsten is heated, tungsten is oxidized to tungsten oxide. The
electron density of the adduct is more on the ligand so tungsten loses the electrons and is
oxidized and the ligand is reduced.
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Chapter 7 – Conclusion
The research goals were to synthesize MOD complexes that decompose to the metal at or
below 200°C. Silver, molybdenum, and tungsten MOD complexes were synthesized and
characterized via 1H NMR and 13C NMR, FTIR, TGA, and Raman.

7.1. Silver MOD Complex
Silver MOD complexes decomposed at temperatures below 200°C, affording conductive
silver films after decomposition. The silver MOD complexes decomposed to silver(0),
carbon dioxide, and the ligands. HSAB theory suggests that the reaction between silver ion
and the ligands are covalent in nature where the electron density of the adduct is spread
over silver and the ligand. When the adduct is heated, the reaction is a redox reaction where
silver is reduced and the ligands are oxidized. HSAB theory suggests why the silver MOD
complexes decompose at a much lower temperature than molybdenum and tungsten MOD
complexes. Silver and the ligands have no π back-bonding, so the adduct bond is not as
stable as molybdenum and tungsten complexes. Since silver complexes do not have
increased bond stability with π back-bonding, less energy is required to break the bonds.

7.2. Molybdenum MOD Complex
Molybdenum

MOD

complexes

decomposed

at

temperatures

above

700°C.

Ethylenediamine-molybdenum complex afforded a mixture of white and purple powders
after decomposition. Diethylenetriamine-molybdenum complex afforded a pale purple
powder after decomposition. Triethylamine-molybdenum complex afforded a metallic film
after decomposition. The powder color corresponds to the oxidation state; Mo0 is a metallic
film, Mo+ and Mo2+ are white powders, and Mo3+ is a purple powder. The complexes
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decomposed to molybdenum or molybdenum oxide, the ligand, and carbonyl. HSAB
theory for molybdenum hexacarbonyl shows π back-bonding behavior which increases the
stability of the molybdenum and carbonyl bond. Carbonyl ligands are π acceptor ligands,
so the metal can donate the electrons back to carbonyl which increases the stability of the
bond. HSAB theory for molybdenum and the ligands only show the ligands donating
electrons to the adduct. The ligands are σ donors so the ligands only donate to the adduct.
The increased stability of the carbonyl bond increases the energy required to break the
bonds which explains why the complexes decomposed at a much higher temperature than
silver complexes.
The three complexes have a thermal stability in nitrogen up to 700°C which is consistent
with CVD temperatures. CVD is not in open air and the temperatures required are around
700°C because it is all done in a vacuum. The molybdenum-carbonyl π backbonding
increased the stability of the complexes. The increased stability shows that decomposition
to molybdenum metal at 200°C is not possible either in nitrogen or in air. The Knapp group
had similar results with the aluminum MOD complex.27 Aluminum MOD was able to
decompose to aluminum metal in inert atmosphere; however, aluminum MOD
decomposed to aluminum oxide in air.

7.3. Tungsten MOD Complex
Tungsten MOD complexes decomposed at temperatures above 800°C. Ethylenediaminetungsten complex afforded a black powder after decomposition. Diethylenetriaminetriamine tungsten complex afforded a bright green powder after decomposition.
Triethylamine-tungsten complex fully sublimed at 110°C so no powder was left after
decomposition. The FTIR of the black powder showed a tungsten oxide peak. The powder
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color corresponds to the oxidation state; W3+ is bright green. The FTIR of the black powder
showed tungsten oxide peaks. HSAB theory for tungsten hexacarbonyl shows π backbonding behavior which increases the tungsten-carbonyl bond stability. Carbonyl ligands
are π acceptor ligands so tungsten can donate the electrons back to carbonyl, increasing the
bond stability. HSAB theory for tungsten and the ligands only show σ donor characteristics.
The ligands donate electrons to the adduct which does not lead to an increase in bond
stability like carbonyl does. The tungsten-carbonyl bond stability increases the energy
required to break the bond which explains why the complex decomposed at a much higher
temperature than silver complexes.
Two of the three tungsten complexes have a thermal stability in nitrogen up to 800°C which
is consistent with CVD temperatures. CVD is not in open air and the temperatures required
are around 800°C because it is all done in a vacuum. The tungsten-carbonyl π backbonding
increased the stability of the complexes. The increased stability shows that decomposition
to tungsten metal at 200°C is not possible either in nitrogen or in air. The Knapp group had
similar results with the aluminum MOD complex.27 Aluminum MOD was able to
decompose to aluminum metal in inert atmosphere; however, aluminum MOD
decomposed to aluminum oxide in air.
Tungsten is also known to form W-W bonds at room temperature. The size of a W-W
complex is too large for a reasonable nanoparticle fusing temperature. Even at a particle
size of 2 nm, the temperature required for tungsten nanoparticle fusion33 is above 700°C.
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7.4. Future Work
The Raman of all complexes ended with a circle with a shiny gray spot surrounded by a
blue-black ring. This indicates that the complexes can be reacted with photons from a laser.
Another way of reacting MOD complexes is by using a laser79 rather than heating the
complex. Lasers have more energy than heat. The increase in energy could increase the
chance of nucleation of the complexes.
The molybdenum and tungsten MOD complexes could undergo further synthesis with
more reactions involving ligand substitution. The additional ligand substitution reactions
could displace more carbonyls which may reduce the decomposition temperatures.
Molybdenum and tungsten MOD complexes can be explored with other starting materials
such as molybdenum hexachloride and tungsten hexachloride. The π backbonding of the
hexacarbonyls increases the stability which increases the temperature required to
decompose the complexes. Molybdenum and tungsten starting materials need to have a
lack of π acceptor ligands to avoid π backbonding in the complex. The ligand selection also
needs to focus on localizing the electron density on the metal rather than the ligand itself.
Softer ligands with a smaller η and a more positive χ than the amine ligands may be
necessary. Phosphorus or sulfur containing ligands may be a better option than nitrogen.
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